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ABSTRACT
To test the hypothesis that long-term peat accumula-
tion is related to contemporary carbon flux dynamics,
we present the Peat Decomposition Model (PDM), a
new model of long-term peat accumulation. Decom-
position rates of the deeper peat are directly related to
observable decomposition rates of fresh vegetation
litter. Plant root effects (subsurface oxygenation and
fresh litter inputs) are included. PDM considers two
vegetation types, vascular and nonvascular, with dif-
ferent decomposition rates and aboveground and be-
lowground litter input rates. We used PDM to inves-
tigate the sensitivities of peat accumulation in bogs
and fens to productivity, root:shoot ratio, tissue de-
composability, root and water table depths, and cli-
mate. Warmer and wetter conditions are more con-
ducive to peat accumulation. Bogs are more sensitive
than fens to climate conditions. Cooler and drier con-
ditions lead to the lowest peat accumulation when
productivity is more temperature sensitive than de-
composition rates. We also compare peat age–depth
profiles to field data. With a very general parameter-

ization, PDM fen and bog age–depth profiles were
similar to data from the the most recent 5000 years at
three bog cores and a fen core in eastern Canada, but
they overestimated accumulation at three other bog
cores in that region. The model cannot reliably predict
the amount of fen peat remaining from the first few
millennia of a peatland’s development. This discrep-
ancy may relate to nonanalogue, early postglacial cli-
matic and nutrient conditions for rich-fen peat accu-
mulation and to the fate of this fen peat material,
which is overlain by a bog as the peatland evolves, a
common hydroseral succession in northern peatlands.
Because PDM sensitivity tests point to these possible
factors, we conclude that the static model represents a
framework that shows a consistent relationship be-
tween contemporary productivity and fresh-tissue de-
composition rates and observed long-term peat accu-
mulation.

Key words: peatland; decomposition; carbon ac-
cumulation; model; peat.

INTRODUCTION

Peatland ecosystems accumulate carbon because
annual net primary productivity (NPP) of the peat-
land vegetation generally exceeds the annual de-

composition of litter and peat. Relative to other
ecosystems, northern peatlands have low rates of
NPP (Thormann and Bayley 1997), decomposition
(Brinson and others 1981; Bartsch and Moore
1985; Johnson and Damman 1993; Belyea 1996;
T. R. Moore unpublished), and net carbon dioxide
(CO2) exchange (Frolking and others 1998), but
over millennia NPP has been greater than decom-
position. Hence, northern peatlands have been a
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persistent sink for CO2, averaging 0.02 to 0.03 kg
CO2-C m22 y21 over the past 5000–10,000 years
(Gorham 1995; Tolonen and others 1992). This has
resulted in 200–450 Pg C being sequestered in
about 3.5 million km2 of northern peatlands
(Gorham 1991). Slow decomposition rates in
northern peatlands result from the combined effects
of limited oxygen diffusion into saturated peat lead-
ing to anoxic conditions for a large portion of the
peat profile (Clymo 1992); the inherent resistance
to decomposition of some peatland vegetation tis-
sues, particularly Sphagna (see, for example, John-
son and Damman 1993; Hogg 1993); and generally
cool temperatures of peat (Puranen and others
1999). Clymo (1984) hypothesized that the accu-
mulation of peat has a theoretical limit because
even very low decomposition rates applied to an
ever-increasing mass of peat will eventually ap-
proach and equal NPP. The rate of decomposition in
the anoxic zone of the peatland and the long-term
NPP ultimately control the time it takes for a peat-
land to grow and the final mass of carbon stored in
a peatland.

In Clymo’s peat models (Clymo 1984, 1992), a
constant water table depth divides the peat profile
into a surface oxic zone (or acrotelm), where faster
aerobic decomposition pathways dominate, and a
deeper anoxic zone (or catotelm), where slower,
anaerobic decomposition occurs. These peat accu-
mulation models do not explicitly simulate the mass
balance of the surface, oxic peat; instead they are
models of catotelm peat accumulation and assume
that the acrotelm is a constant mass that “floats” on
top of the accumulating catotelm. Litter mass loss
during passage through the oxic zone is typically
80%–90% (Clymo 1992); therefore, the input of
mass to the anoxic zone would be 10%–20% of
total vegetation litter production. The anoxic zone
or catotelm peat decomposes very slowly, at
roughly 0.1% of the oxic zone rate (Belyea and
Clymo 1999). In one formulation (Clymo 1984),
the input and decomposition rates are assumed to
be constant, and the accumulation of peat in the
anoxic zone is modeled as

dM

dt
5 P* 2 kM (1)

where M is the peat mass, P* is the input to the
anoxic zone, and k is the anoxic zone decomposi-
tion rate. Peat continues to accumulate at an ever-
declining rate until, barring major disturbances, it
eventually reaches steady state:

M~t! 5
P*

k
~1–e2kt!O¡

t3 `

P*

k
(2)

The mass, M, is the catotelm mass, which is usually
a large majority of the total peat. Values for the two
parameters P* and k are not directly derived from
nor comparable to any measurements of peatland
vegetation productivity or fresh-tissue decomposi-
tion. Instead they are empirically determined by
fitting this equation to age–depth profile data of
catotelm peat (Clymo 1984, 1992; Clymo and oth-
ers 1998).

The Peat Decomposition Model (PDM) was de-
veloped with the primary objective of testing the
hypothesis that long-term peat accumulation is
consistent with observed rates of vegetation pro-
ductivity and fresh-tissue decomposition. Like the
model of Clymo (1984), PDM is a static model
simulating long-term peat accumulation and age–
depth profiles under constant conditions (NPP and
water table depth). We extend the work of Clymo
by modeling the complete acrotelm/catotelm peat
profile. Decomposition rates down the peat profile
are directly linked to observable initial mass-loss
rates of fresh peat litter tissue, which have been
measured for numerous peatland plant tissues (for
example, see Belyea 1996; Johnson and Damman
1993; Hogg 1993; Bartsch and Moore 1985). Mass
input rates for the model are equal to observable
litter production of peatland vegetation. We also
directly simulate the effects of plant roots, which
deliver both fresh litter and oxygen some distance
down the peat profile. Finally, PDM considers two
vegetation types, vascular and nonvascular, with
different initial decomposition rates and different
aboveground and belowground litter input rates
that can thus be used to explore the influence of
vegetation type on peat accumulation. The inclu-
sion of both roots and two vegetation types allows
the model to simulate both bogs (with fewer root
inputs generally above the mean water table and,
typically, a higher fraction of moss inputs) and fens
(with more root litter inputs going deeper than the
mean water table and, typically, a lower fraction of
moss inputs). Our objective in this initial model
development is to explore how well such a simple
static model can produce reasonable peat age–depth
profiles without curve fitting, using parameters rep-
resenting mean peatland characteristics, based on
field and laboratory measurements. We use sensi-
tivity analyses and comparisons with a selection of
field-based age–depth profiles with known individ-
ual paleoecological histories.
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MODEL

Most models of soil organic matter dynamics aggre-
gate the accumulated organic matter into one or
several pools. The pools can have characteristic and
constant decay rates, or they can have a time-vary-
ing decay rate that is a function either of time or
some characteristic of the organic matter pool, such
as its lignin–nitrogen ratio (for example, see review
by Paustian and others 1997). Agren and Bosatta
(1996b) have developed a theoretical approach in
which the dynamics of litter quality (related to its
susceptibility to decomposition) and soil carbon are
linked by coupled differential equations through
the activity of the decomposer community. Under
certain simplifying assumptions, their model can be
solved analytically for the mean quality of an ag-
gregated continuum of litter cohorts of varying
quality, and this quality can be related to chemical
fractionations of the organic matter (Ågren and Bo-
satta 1996a).

There are two characteristics of peatlands, how-
ever, that favor an explicit modeling of individual
cohorts. First, accumulating organic matter in a
peatland develops a well-defined stratigraphy, with
minimal bioturbation, so age–depth profiles are
generally monotonic, with the oldest peat at the
base of the profile. Second, there is a very steep and
relatively stable gradient in the conditions for de-
composition because the deeper peat is continu-
ously saturated, while the shallowest peat is often
drained. In a typical northern bog, the top 0.2–0.4
m will be oxic for much of the year, whereas the
peat below about 0.4–0.6 m will be anoxic. There-
fore, there is a strong correlation between cohort
age (and thus degree of decomposition) and the
conditions to which the cohort is exposed. Because
of this, we chose to develop an annual cohort
model of decomposition in which the fate of each
year’s litter input (a cohort) is tracked as the peat
continues to accumulate above it.

PDM operates at an annual time step, with
aboveground litter input deposited as an annual
litter cohort at the top of the existing peat profile.
Root litter inputs also occur every year and are
added to upper cohorts, down to the bottom of the
rooting zone. These amended cohorts now contain
litter of multiple ages, mixing older surface litter
with younger root litter, and hereafter are called
“peat layers”. The vegetation is assumed to be in
steady state, so aboveground litter production
equals aboveground NPP, and root litter production
equals root NPP. Annual peat layers in the rooting
zone lose mass through decomposition, but they
also gain mass from the root litter input. All peat

layers below the rooting zone only lose mass. PDM
variables for each peat layer are mass, bulk density,
depth, age, and decomposability. PDM was devel-
oped assuming constant NPP. Constant initial de-
composition rates were used for each litter type,
and these rates decreased as a simple function of
peat layer mass loss, representing an increasing re-
calcitrance or decreasing quality (Ågren and Bosatta
1996a, b) of the remaining mass of the peat layer as
it moves deeper into the peat. Decomposition rates
are subsequently modified to reflect the influence
of the soil climate at the depth of each peat layer.
These simplifying assumptions permit an analytical
solution of the equations of state of the peat layer
mass and thickness, which can be solved iteratively
from the top to the bottom of the peat profile. Input
variables are aboveground and belowground NPP,
water table and rooting depths, and the peatland
age (Table 1), all based on field observables. Model
parameters are the initial decomposability of the
litter types, degree of anaerobicity at depth, and
effect of temperature with depth (Table 1), again all
based on field and laboratory measurements. The
model has no free parameters to be used to fit
age–depth profile data; hence, the model is not
calibrated. PDM output is the mass and decompos-
ability of peat for each age peat layer. Using a pre-
scribed density profile, PDM can calculate peat layer
thickness. The mass and thickness of each peat layer
can be summed to obtain total mass and depth of
accumulated peat or used to generate age–depth
profiles.

Decomposition

A general formulation for decomposition of a mass
of organic matter, m, is

dm~t!

dt
5 2k0m0 Sm~t!

m0
Da

(3)

where m0 is the initial mass and k0 is the decompo-
sition or mass loss rate at t 5 0. If the parameter a
equals 1.0, this simplifies to simple exponential de-
cay, as in the second term in Eq. (1). Otherwise, a
general solution is given by

m~t! 5
m0

@1 1 ~a 2 1!k0t#
1/~a21! (4)

Clymo and others (1998) have shown that when
fitting peat core data from 310 bogs and fens from
southern Finland, they can get roughly equivalent
goodness of fit with a 5 1, 2, or 3. Because there is
strong evidence that the fractional loss rate of a
decomposing tissue declines with time (Heal and
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others 1997), a should be greater than 1. For sim-
plicity we have chosen a 5 2, so the model has a
solution of the peat layer mass as a function of time:

m~t! 5
m0

1 1 k0t
(5)

and an effective decomposition rate of

k~t! 5 k0

m~t!

m0
5

k0

1 1 k0t
(6)

Note that after 1 year of decomposition m(1) 5
m0/(1 1 k0). In the first few years of decomposi-
tion, this function is similar to the simple exponen-
tial decay, but the decomposition rate slows as de-
composition progresses (that is, it slows with time).
If this formulation is combined with a constant
input (as in the first term in Eq. [1]), it would lead

logarithmically to an infinite accumulation of peat,
given infinite time. This time-dependent functional
form of the decomposition rate is the same form as
the decline in litter quality with time in one repre-
sentation of the more general decomposition model
of Ågren and Bosatta (1996b) with a 5 2.

Litterbag decomposition studies provided initial
mass loss rates, k0, for various peatland tissue types.
Because litterbag studies are typically of only a few
years duration, the litterbags are exposed to soil
climate conditions representative of near-surface
conditions. Deeper in the peat, decomposition rates
should reflect the confounding factors of cooler
temperatures and saturation of the peat leading to
anoxic conditions that do not occur at the peat
surface. These additional effects are modeled as
multiplicative factors, and actual decomposition of
a peat layer is modeled as

Table 1. Model Parameters and Values for Base Case Scenarios

Parameter Description Units

Values for Base
Case*

Model
Sensitivity**

ReferencesBog Fen Bog Fen

ms,a Vascular vegetation
surface litter input

kg m22 y21 0.2 0.3 1 1 Thormann and Bayely
1997

mr,a Vascular vegetation root
litter input

kg m22y21 0.2 0.3 1 1 Backéus 1990

ZR Vascular vegetation
rooting depth below
water table

m 0.0 0.25 1 2 Backéus 1990; Saarinen
1996

k0,a Vascular vegetation initial
mass loss rate

y21 0.2 0.2 2 22 T.R. Moore unpublished

ms,b Moss surface litter input kg m22 y21 0.2 0.1 11 1 Moore 1989
k0,b Moss initial mass loss rate y21 0.05 0.08 2 2 T.R. Moore unpublished
ZWT Mean water table depth m 0.3 0.05 22 0 Ingram 1983; Verry and

others 1988; Siegel 1993
Zanox Thickness of oxic–anoxic

transition zone below
root zone

m 0.05 0.0 22 n.a. Lähde 1967

fanox Anaerobic:aerobic
decomposition ratio

— 0.025 0.1 2 22 Scanlon and Moore 2000

DT Reduction in rate of
decomposition due to
temperature profile

— 0.2 0.2 0 0 P. Lafleur unpublished

A Peat age y 8000 8000 1 1 —
P0 Bulk density at surface

(minimum)
kg m23 50 50 22 2 Boelter 1968, Ivanov 1981;

Irwin 1968
Pbot Bulk density at depth

(maximum)
kg m23 100 100 0 0 Boelter 1968, Ivanov 1981;

Irwin 1968

11, strong positive correlation; 1, moderate positive correlation; 0, weak correlation; 2, weak negative correlation; 22, strong negative correlation; n.a., not applicable
*These default values are not meant to represent any specific peatland, but rather to be generally representative of these two broad peatland classes bog and fen.
**Sensitivities are for changes in each parameter value of up to 6 30%, with other parameters held constant.
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dm~t!

dt
5 2k0

m~t!2

m0
z f~T! z f~W! (7)

We assumed that the annual effect of the soil cli-
mate multipliers f(T) and f(W) were constant from
year to year but varied with depth, z, with both f(T)
5 fT(z) and f(W) 5 fw(z) equal to 1.0 at the surface.
The temperature modifier, f(T), is based on an ob-
served peatland temperature profile and an as-
sumed and simple temperature effect (Q10 5 2) (see
Scanlon and Moore 2000). We applied this function
to monthly means of hourly soil temperature mea-
surements from Mer Bleue bog near Ottawa, Can-
ada (Lafleur and others 2001) to calculate a general
monthly modifier, then averaged these for the year,
and normalized the values to the surface value. We
then fit (by eye) a simple exponential curve to these
data to get a decomposition temperature modifier
that was only a function of depth (Figure 1a).

The moisture modifier, f(W), is set to one for the
surface oxic zone and decreases below the water
table (Figure 1b). For bogs, which have a deeper
water table, we assume that there is a rapid linear
transition between oxic and anoxic conditions
just below the mean long-term water table depth.
For fens, which have a shallow water table and a
deeper rooting depth, we assume that there is a
linear decline in oxic status from the mean water
table depth to the bottom of the rooting zone. For
all of the following discussion, decomposition
rates are implicitly assumed to be multiplied by
fT(z) and fW(z), and these terms are left out of the
equations for simplicity (that is, k z fT(z) z fw(z) 3
k). A simple bulk density profile (Figure 1c) was
based on bulk density data from two bogs in
southeastern Canada (P. J. H. Richard and S. D.
Muller unpublished).

Figure 1. (a) Mean annual temperature effect on decom-
position, fT(z), as a function of depth. Monthly average

soil temperatures were calculated from hourly average
temperature profile data recorded continuously at Mer
Bleue bog, near Ottawa, Ontario (Lafleur and others
2001) and used to calculate a monthly temperature mul-
tiplier (5 2T#/10), which was then normalized so that the
surface value was 1.0. The curve fit is an exponential
decay with depth, having an asymptotic value of 0.8 and
an initial value of 1.0. (b) Modeled effect of peat water
table and fen roots on fanox. This multiplier on decompo-
sition rates accounts for the effect of anoxicity. (c) Shape
of model’s peat bulk density profile. Surface and deep
peat values based on references in Table 1; shape based
on unpublished data from P. J. H. Richard.
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Root Inputs

Most peatland plants (except bryophytes) have
large root:shoot ratios (see, for example, Wallén
1986; Saarinen 1996; Moore and others 2001);
thus, some fraction of their annual litter input
into the peat will be root litter. To develop a
litter/peat profile with root inputs, we considered
the analytical solution to steady-state conditions
(as above) but incorporated the effect of roots.
We made the following two simplifying assump-
tions: (a) Root decomposability equals that of
aboveground tissue of the same plant type, and
(b) root density and root litter input rates are
uniform to the rooting depth and zero below that
depth. This simplified rectangular root distribu-
tion is a rough approximation to the typical pro-
file (for example, see Wallén 1986). The model
rooting depth input variable, Zr, thus represents
the depth to which the bulk of the root turnover
takes place but not the maximum observable
rooting depth.

Annual peat layers get a fresh input (root litter)
every year until they are buried below the rooting
zone. Adding this fresh litter increases the peat
layer’s net decomposability because fresh litter
decomposability is always greater than partially
decomposed peat layer’s decomposability (see Eq.
[6]). Consider a peat layer of mass m* (the mass
remaining from all previous inputs, including
both surface litter and shallower roots, with total
previous inputs equal to M) and decomposability
k*, receiving a root litter input of mr with decom-
posability k0. The new peat layer mass will be m9
5 m* 1 mr. PDM updates the peat layer’s decom-
posability, k9, with the following equation:

k9 5 k0

m* 1 mr

M 1 mr
(8)

which gave a better approximation to the exact
solution of tracking all root litter cohorts indepen-
dently than did a mass-weighted average (k9 5 (m*
k* 1 mrk0)/(m* 1 mr)).

Calculating the Litter/Peat Profile

Because peatland plant tissues decompose at dif-
ferent rates, we generalized the solution above to
two tissue types that do not interact—vascular,
rooted vegetation (tissue type a with initial de-
composition rate k0,a) and bryophyte (rootless)
vegetation (tissue type b with initial decomposi-
tion rate k0,b). Let ms,a be the surface vascular
litter input, mr,a be its root litter input (NPPa 5
m0,a 5 ms,a 1 mr,a), Zr be the rooting depth, ba

(5mr,a/Zr) be the root input per unit depth, ms,b be
the surface litter input for the nonvascular vege-
tation (NPPb 5 m0,b 5 ms,b), and zi be the thick-
ness and ri the bulk density of the ith peat layer.
Then the surface peat layer (i 5 0) can be de-
scribed by the following set of equations:

5
m0 5 m0,a 1 m0,b 5 ms,a 1 baz0 1 ms,b

z0 5
m0

r0

k0,a 5 k0,a

k0,b 5 k0,b

(9)

Combining the equations for m0 and z0, this can be
solved as

H z0 5
ms,a 1 ms,b

r0
S 1

1 2 ba/r0
D5 ~ms,a 1 ms,b!S 1

r0 2 ba
D

m0 5 z0r0 (10)

The 1-year-old peat layer’s mass will equal the mass
remaining from the surface peat layer after 1 year of
decomposition plus the fresh root litter input into
the 1-year-old layer. The peat layer can be de-
scribed by a similar set of equations, as follows:

5
m1 5

m0,a

1 1 k0,a
1 baz1 1

m0,b

1 1 k0,b

z1 5
m1

r1

k1,a 5 k0,a

m1,a

m0,a 1 baz1

k1,b 5 k0,b

m1,b

m0,b

(11)

These can be solved in a similar manner:

5 z1 5 S m0,a

1 1 k0,a
1

m0,b

1 1 k0,b
DS 1

r1 2 ba
D

m1 5 z1r1

m1,b 5
m0,b

1 1 k0,b

m1,a 5 m1 2 m1,b

(12)

This methodology can be used to construct the peat
profile down from the top in annual peat layers,
and the ith peat layer will be described by

5
zi 5 S mi21,a

1 1 ki21,a
1

mi21,b

1 1 ki21,b
DS 1

ri 2 ba
D

mi 5 ziri

ki,a 5 k0,a

mi,a

m0,a 1 baO
j51

i zj

ki,b 5 k0,b

mi,b

m0,b

(13)
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and solved in the same manner. Once below the
rooting depth, the calculation proceeds as above,
but without root inputs (that is, ba 5 0).

We characterized bogs by rooting depth equal to
the mean water table depth (for example, see
Backéus 1990) and fens by rooting depth deeper
than their characteristically shallow mean water
table depth (see, for example, Saarinen 1996). We
modeled the oxic/anoxic effect for bogs as previ-
ously described—that is, a linear drop in decompos-
ability to a fixed factor (fanox) in a narrow band
below the water table. Because fens have living
roots that function below the water table, we con-
sidered the fen root zone to be partially oxic and
prescribed a linear decline in decomposition rate
from the oxic rate at the fen water table to fanox, at
the bottom of the rooting zone. Because deep peat
in bogs is more hydrologically isolated (Verry and
others 1988; Siegel 1993) and more acidic (Gorham
and Jannsens 1993) than deep peat in fens, we
assigned bogs an fanox value one-fourth the fen
value.

Aggregating the Annual Peat Layers

The total mass in a collection of peat layers between
ages T1 and T2 is given by

M1,2 5 E
1

2

dm 5 E
T1

T2

m̃~t! z dt 5 E
T1

T2 m0

1 1 k0t
z dt

5
m0

k0
z lnS1 1 k0T2

1 1 k0T1
D (14)

where m̃ is the mass per unit time interval, or the
peat layer mass when the time interval is 1 year.
The mass loss rate of this aggregated peat layer can
be approximated by

k1,2 5

E
T1

T2

m~t!k~t!dt

E
T1

T2

m~t!dt

5 k0

S 1

1 1 k0T2
2

1

1 1 k0T1
D

lnS1 1 k0T2

1 1 k0T1
D

(15)

Because this integration over time (age) is also an
integration over some depth interval, this approxi-
mation depends on the temperature and moisture
factors implicit in k being approximately constant
over the depth interval. We used this aggregated
peat layer approximation for deep peat (generally
older than 500–1000 years) so the model did not
need to keep track of each annual peat layer for all

5000–12,000 years of the peat profile. For depths
from about 1–2 m, we aggregated the peat into
10-year peat layers, typically about 1–2 cm thick.
Below this, we aggregated the peat into 150-year
peat layers, typically 1–10 cm thick. The mean de-
composition rate (Eq. [15]) was not used to calcu-
late the peat profile, but only to characterize the
peat layers’ decomposability.

RESULTS

Baseline Bog and Fen Scenarios

We developed very general parameterizations for a
bog and a fen from typical values reported in the
literature for peatland productivity, decomposition
rates of various tissues, root biomass and depth, and
typical values for long-term mean water table depth
(Table 1). Annual NPP for the bog scenario was 0.6
kg m22 y21, with one-third from moss, one-third
from aboveground vascular productivity, and one-
third from belowground vascular productivity
(Thormann and Bayley 1997; Backéus 1990). An-
nual NPP for the fen scenario was 0.7 kg m22 y21,
with 14% from moss, 43% from aboveground vas-
cular productivity, and 43% from belowground
vascular productivity (Thormann and Bayley 1997;
Saarinen 1996). Throughout this paper, all mass
values are given as biomass, not carbon.

PDM generated depth profiles of peat mass, moss
and vascular tissue fractions, decomposability, and
age for the bog and fen baseline scenarios. The fen
material had a faster initial decomposition rate;
thus, fen peat layer mass fell more rapidly with
depth (age) than bog peat layer mass (Figure 2a).
However, root inputs for the fen were larger than
those for the bog. Thus, below about 0.2 m, the fen
peat layer mass increased above that of the bog. At
the transition to the fully anoxic zone (ZWT 1 Zanox

5 0.35 m for the bog, Zr 5 0.3 m for the fen), the
bog peat layer mass was 0.059 kg m22 (10% of
annual surface plus root litter inputs), and the fen
peat layer mass was 0.17 kg m22 (24% of annual
surface plus root litter inputs). Below this, in the
fully anoxic zone, bog peat layers lost mass more
slowly than fen peat layers. The effective decom-
posability of each peat layer, calculated as the mass-
weighted mean of the ki value for each tissue type,
declined with depth (Figure 2b). For the bog peat
layers, there was a rapid drop in decomposability to
anaerobic rates in the 0.05 m below the mean water
table depth. Decomposability continued to decline
down the catotelm profile due to continuing mass
loss (see Eq. [6]), and effective decomposability at
the base of the peat, approximately 0.0001 y21
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(Figure 2b) was around three orders of magnitude
lower than the surface rate.

After 8000 years, fen peat thickness was 2.1 m
(180 kg m22); whereas after 8000 years, bog peat

thickness was 3.2 m (290 kg m22) (Figure 3). These
figures imply mean accumulation rates of 0.022 kg
m22 y21 for the fen and 0.036 kg m22 y21 for the
bog. The model assumed constant conditions, so
that each additional year effectively added an addi-
tional layer to the bottom of the profile, leading to
current accumulation rates of 0.006 kg m22 y21

(fen) and 0.02 kg m22 y21 (bog). Because of higher
NPP rates and deeper roots, the fen peat age at a
depth of 1 m was about 700 years, whereas the bog
peat age at 1 m was about 1100 years. Because fen
decomposition rates were faster at depth, at depths
below 1.5 m bog peat was younger than fen peat
(Figure 3).

The moss fraction of each peat layer was higher
for the bog than the fen (Figure 4), due to a higher
percentage of moss inputs, both at the surface and
overall (Table 1). Because moss initial decomposi-
tion rates were slower than vascular tissue rates for
both bog and fen, the moss fraction increased with
depth (and peat layer age). However, from a depth

Figure 2. (a) Peat layer mass versus depth for the bog (x)
and fen (o) base case scenarios. The inset panel highlights
the top 0.6 m of the profile. Above 0.3 m (the bog water
table and the fen rooting depth), each symbol represents
a single peat layer. (b) Peat layer effective decomposabil-
ity vs depth (or age) for the bog (x) and fen (o) base case
scenarios. The inset panel highlights the top 0.6 m of the
profile. Above 0.3 m (the bog water table and the fen
rooting depth), each symbol represents a single peat
layer. The rapid shift in bog decomposability between
0.3 m and 0.35 m is the transition from the oxic acrotelm
to the anoxic catotelm. The fen scenario has a more
gradual transition from the water table down to the bot-
tom of the rooting zone.

Figure 3. Age depth profiles for bog and fen base scenar-
ios and for a rich-fen scenario. Model parameters for bog
and fen are in Table 1. Changes from the fen to rich-fen
scenario were ms,a 5 0.35 kg m22 y21; mr,a 5 1.0 kg m22

y21, k0,a 5 0.38 y21, ms,b 5 0.15 kg m22 y21; and k0,b 5
0.07 y21. This rich-fen scenario was used for the deeper
peat in some of the model comparisons with core data.
Although the bog and rich-fen scenarios accumulate
about the same amount of peat in 8000 years, the current
rate of accumulation is given by the slope of the curve at
8000 years and is much greater for the bog than for either
of the fen scenarios.
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of about 0.05–0.2 m for the bog and 0.1–0.3 m for
the fen, the moss fraction declined because of vas-
cular root inputs in this zone.

Model Sensitivities
Sensitivities to individual parameters. The sensitiv-

ity of peat accumulation to model parameters was
explored by varying each parameter by 6 15%
and 6 30% from its baseline value (Table 1). Pa-
rameter sensitivities were approximately linear,
ranging from strongly positive (a 30% change in
the parameter value caused more than a 25%
change of the same sign in peat accumulation) to
weak (a 30% change in a parameter value caused
less than a 10% change in accumulated peat) to
strongly negative (a 30% change in the parameter
value caused more than a 25% change of opposite
sign in peat accumulation). Both bog and fen
showed moderate positive sensitivity to changes in
vascular plant productivity (ms,a, mr,a). Sensitivity to
moss productivity (ms,b) was higher for bog than for
fen because moss productivity was a greater frac-
tion of total productivity and bog moss decompos-
ability was slow (k0,b). As expected, the bog scenario
showed moderate negative sensitivity to changes in
decomposition rates (k0,a, k0,b, kanox); slower decom-
position rates led to more peat accumulation. Fen
sensitivity to kanox was greater than bog sensitivity

because the base value for the fen was four times
greater than that for the bog, so a fixed percentage
change was larger and had a greater effect.

Decreasing the surface peat bulk density (r0) in-
creased the thickness of each and thus also buried
the peat below the water table more quickly, lead-
ing to increased accumulation. Bog sensitivity was
about three times that of fen sensitivity, as the ratio
of anoxic to oxic decomposition rates was smaller
for the bog than the fen scenario. Changing Dr, the
increase in bulk density with depth in the peat had
very little effect on mass accumulation for either
bog or fen because most of the change took place
below 0.5 m, where conditions were relatively con-
stant (see Figure 2). Changing Dr did modify the
total depth of peat accumulated in a very predict-
able way.

The bog scenario was very sensitive to the water
table depth (ZWT). A shallower water table led to
significantly greater peat accumulation because
peat layers reached the anoxic zone with more mass
intact. The fen scenario had little sensitivity to wa-
ter table depth; as the change in decomposition rate
for the fen was much less abrupt at the water table,
and the anoxic zone decomposition rate was gen-
erally higher for the fen than for the bog scenario
(see Figure 2b). Increasing rooting depth in the fen
decreased accumulation as it extended the partially
oxic zone deeper into the peat. Decreasing rooting
depth in the bog decreased accumulation because
less fresh litter was input deeper in the profile,
closer to the transition to anoxia, and thus peat
transfer to the catotelm was smaller. Because Zanox

had a small magnitude (0.05 m), 15% and 30%
changes were also small and bog peat accumulation
sensitivity was small. In additional simulations with
Zanox at 0.0 m and 0.1 m, bog peat accumulations
showed strong negative sensitivity.

Sensitivities to vegetation productivity. Using the
base case scenarios for bog and fen (Table 1), we
adjusted the fraction of vascular plant litter input
that was root tissue, keeping total vascular NPP
constant (0.6 kg m22 y21 for fens, 0.4 kg m22 y21

for bogs). As the root fraction increased, peat accu-
mulation also increased because more litter was
input closer to the anoxic zone and thus had less
time to decompose aerobically (Figure 5a). For both
bog and fen, the sensitivity was stronger for low
root fractional inputs and weaker if most vascular
litter was input as roots.

We also adjusted the base case bog and fen sce-
narios by changing the moss fraction of total NPP,
again holding total NPP and the vascular
aboveground:belowground NPP ratio fixed. Be-
cause moss litter had a lower decomposition rate

Figure 4. Fraction of peat layers that is moss (nonvascu-
lar) peat for bog and fen base case scenarios. For most of
the profile, this fraction increases with depth as moss
decomposability is less than that of vascular tissue. Near
the surface this trend is reversed as significant root litter
inputs from vascular plants decreases the moss fraction of
the peat layer.
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than vascular litter as the fraction of total NPP due
to mosses increased, the total accumulated mass of
peat also increased (Figure 5b). The bog scenario
was more sensitive to this ratio because the initial

decomposition rate of bog moss litter was lower
than the rate for fen moss litter, although both
scenarios had the same initial decomposition rate
for vascular litter.

Figure 5. (a) Sensitivity of peat accumulation to fraction of
vascular litter input as roots for bog and fen base case
scenarios. Total vascular NPP was unchanged (0.6 kg m22

y21 for the fen, 0.4 kg m22 y21 for the bog). (b) Sensitivity
of peat accumulation to moss fraction of total NPP for bog
and fen base case scenarios. Total NPP was unchanged (0.7
kg m22 y21 for the fen, 0.6 kg m22 y21 for the bog). (c)
Sensitivity of peat accumulation to total NPP (moss 1
vascular). Moss:vascular and aboveground:belowground

productivity ratios were unchanged (see Table 1). (d) Sen-
sitivity of peat accumulation to nutrient status. Improved
(diminished) nutrient status was modeled by increasing (de-
creasing) both NPP and decomposition rates by the same
fraction. Moss:vascular and aboveground:belowground pro-
ductivity ratios were unchanged (see Table 1). In each
panel, the vertical lines represent baseline scenario values.
Note the different scales on some panels.
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In a third test, we adjusted total productivity for
both the bog and fen scenarios (Figure 5c). Peat
accumulation in the fen scenario had a linear re-
sponse to total productivity, with a 10% increase in
productivity leading to a 12% increase in peat ac-
cumulation. Peat accumulation in the bog scenario
had a stronger sensitivity to total productivity and a
slightly nonlinear response.

Finally, to approximate changes in nutrient sta-
tus, we adjusted both total productivity and decom-
position rates up and down by the same propor-
tions. Higher nitrogen and other nutrient input
leads to increased productivity (Aerts and others
1992; Jauhiainen and others 1999) and to more
readily decomposable fresh litter (Johnson and
Damman 1993; Verhoeven and Toth 1995); how-
ever, there is some suggestion that chronic nitrogen
loading may alter the decomposer community (Wil-
liams and Silcock 1997; Gilbert and others 1998).
Again, responses were roughly linear (Figure 5d)
over a 6 30% range, with bog peat accumulation
more sensitive than fen peat accumulation.

Sensitivities to climate. To evaluate the model’s
sensitivity to climate, we considered eight climate
scenarios—(warmer, cooler, wetter, drier, warmer/
wetter, warmer/drier, cooler/wetter, and cooler/
drier)—and four scenarios of ecophysiological sen-
sitivity to temperature—(low and high sensitivity
for both productivity and decomposition). Temper-
ature changes were 6 3°C and moisture changes
were 6 25% in water table depth. Ecophysiological
sensitivities were modeled by assuming an expo-
nential response (low; Q10 5 2; high, Q10 5 3) for
both total productivity or litter inputs (ms,a 1 mr,a 1
ms,b in Table 1) and total decomposition rate (k0,a

and k0,b in Table 1). Thus, for example, in the
warmer/wetter scenario with high sensitivity for
productivity and low sensitivity for decomposition
rate, the simulation would multiply baseline values
of ms,a, mr,a, and ms,b by 1.390, multiply baseline
values of k0,a and k0,b by 1.231, and multiply ZWT by
0.75; by contrast, in the cooler/drier scenario, the
multipliers would be 0.719, 0.812, and 1.25. Note
that these scenarios do not represent sensitivity to
climate variability or change, since the modified
conditions were in effect for the entire period of
peat development.

The fen scenario showed very little sensitivity to
changes in water table depth (Figure 6a, and Table
1), so the effect of a water table shift was very small.
The bog scenario had much larger sensitivities to
both temperature and water table differences (Fig-
ure 6b). In both scenarios, warmer and wetter con-
ditions were most conducive to peat accumulation.
Both bog and fen sensitivities to wetter or drier

conditions were relatively insensitive to the effect of
warming or cooling on the ecophysiological sce-
nario. When productivity and decomposition rate
sensitivities to temperature were the same (both
low or both high), productivity effects dominated
and warmer conditions led to enhanced accumula-
tion whereas cooler conditions led to reduced accu-
mulation. Only when decomposition rates had a
Q10 of 3 and productivity had a Q10 of 2 did cooler

Figure 6. Sensitivity to climate of peat accumulation for
(a) fen and (b) bog under four ecophysiological scenarios
representing high and low sensitivity to temperature for
both productivity (total NPP) and decomposition rates. In
each panel, each group of six bars represents the sensi-
tivity to climate of a particular ecophysiological scenario,
modeled as a Q10 response of 2 (low sensitivity) or 3
(high sensitivity). Climate scenarios were changes of 6
3°C and 6 25% in water table depth. The base scenario
value (standard climate) is represented by a horizontal
line labeled “base run”. Because the ecophysiological sce-
narios represented sensitivity to temperature change
only, the wetter and drier scenarios (with no temperature
change) are also represented by horizontal lines.
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temperatures lead to enhanced accumulation and
warmer temperatures cause reduced accumulation.

Comparison with Peat Core Data

PDM simulations were compared to age–depth pro-
files from cores collected in four peatlands in east-
ern Canada, selected because of their various past
and present environmental conditions and because
we have firsthand information about their develop-
mental history. Mer Bleue and Mirabel bogs are
located approximately 150 km apart in the St. Law-
rence Lowlands, near Ottawa and Montreal, respec-
tively. Frontenac peatland is found another 150 km
to the east of Montreal, in the Lower Appalachian
physiographic region, near Sherbrooke. Finally,
Malbaie bog lies in the central part of the Lauren-
tian Highlands about 100 km north of Québec City.

The individual peatlands span a range of climate
conditions (Table 2). Malbaie differs strikingly from
the other peatlands in that it is a bog patterned by
numerous pools. It is also the peatland where precip-
itation is highest and temperature lowest. Like Fron-

tenac peatland, Malbaie bog occupies a tilted basin in
the regional topography; in both areas, peat has accu-
mulated over an irregular till plain with scattered local
pools. Frontenac peatland is covered by a domed bog
(80%) to which a poor fen (20%) is adjoined down-
slope. Mirabel and Mer Bleue are both slightly domed
bogs without pools, lying in flat topography. In all
peatlands, black spruce (Picea mariana (Mill.) BSP)
and larch (Larix laricina (Du Roi) Koch.) are dispersed
over a microtopographic pattern of hummocks and
hollows. Shrub heath communities are dominant
(Chamaedaphne calyculata, Kalmia angustifolia, Ledum
groenlandicum). Sedge lawns are widespread only fur-
ther away from the dome at Frontenac (Ball 1996).
The bryophyte layer is composed almost entirely of
Sphagnum mosses.

The postglacial development of these four peatlands
is well known through previous or ongoing studies.
Peat thickness and type were observed at 50–140
spots at Frontenac, Malbaie, and Mirabel; and a
300-m transect of peat depth from the margin of the
bog to the center is available at Mer Bleue. The peat

Table 2. General Site Characteristics for the Peatland Sites with Peat Core Data used to Test the PDM
Model

Site Frontenac Mer Bleue Mirabel Malbaie

Physiographic region Appalachians St. Lawrence Lowlands Laurentians
Latitude 45°589N 45°259N 45°689N 47°369N
Longitude 71°089W 75°409W 74°079W 70°589W
Elevation (m) 360 65 75 800
Mean annual temp. (°C)a 4.2 5.8 6.1 0.0
Mean July temp. (°C)a 18.5 20.8 20.8 14.8
Mean January temp. (°C)a 211.4 210.8 210.3 215.3
Degree-days . 5°Ca 1500 2050 2070 850
Total precipitation (mm)a 1130 910 740 1530
Annual snowfall (%)a 24 30 29 39
Regional vegetation type Maple/Birch/Fir Sugar Maple/Hickory Sugar Maple/Hickory Spruce/Fir
Peatland size (km2) 1 28 2 1
Peatland types Domed bog, fen Bog Bog Bog with pools
Regional topography Incised plateau Terraces Terraces Hilly plateau
Local topography Tilted Horizontal Horizontal Tilted
Basin margins Smooth-sided Steep-sided Smooth-sided Smooth-sided
Underlying deposit Till Marine clay Marine clay Till
Initial conditions Scattered pools Shallow lake Shallow lake Scattered pools

Peatland/core identifier FRON- MB- MIR- MAL-
Core number 1 2 3 930 1 2 3
Number of datesb 8 8 6 13 8 5 4
Pond sediment age (ky) 8.4 12.8 12.2 8.7 9.0 10.3 —
Peat inception age (ky) 7.5 11.6 9.9 8.4 7.4 8.0 8.9
Fen-to-bog transition (ky) — 5.3 5.0 6.5 6.8 5.0 2.4

aEnvironment Canada 1994.
bDates are either radiocarbon dates or from pollen correlation with well-dated events in the area.

490 Frolking and others



cores were analyzed with a set of paleoecological tech-
niques (loss on ignition, radiocarbon dating, and anal-
yses of pollen and spores, testate amoebae, mosses,
and plant macrofossils) to reconstruct local and re-
gional vegetation history, local hydrological condi-
tions at the peat surface, net sediment accumulation
rate and decomposition events, and the overall devel-
opmental history of the peatlands since deglaciation
(Lavoie 1998; Lavoie and Richard 2000a; S. D. Muller
and P. J. H. Richard unpublished). Additional paleo-
hydrological information (lake level changes) was
available to assess the regional water balance in the
area (Lavoie and Richard 2000b; S. D. Muller and
P. J. H. Richard unpublished).

For comparison with the PDM results, we se-
lected peat cores for which an adequate chronology
of peat accumulation was available. All dates re-
ported are calibrated radiocarbon dates (Stuiver and
others 1998) or dates obtained through pollen cor-
relation with well-dated events in pollen diagrams
from neighboring sites (Mott and Camfield 1969).
The palynological and plant macrofossil record for
these cores indicated that the Mer Bleue and Mira-
bel bogs, located in the St. Lawrence Lowlands,
began as large ponds left after the drainage of the
postglacial Champlain Sea. Rich fens developed
over the organic deposits left by marshes (telmatic
peat), then changed to bogs at some point in their
development (Table 2). Frontenac and Malbaie de-
veloped directly as fens on till plains (glacial depos-
its) with only small pools around and then evolved
into bogs, except at the Frontenac poor-fen site.

We adopted two approaches for the development
of model profiles for the two-stage peatlands. In
each case, we generated a bog peat profile from the
present (surface) back to the transition time (2400–
6800 BP, depending on the core). To generate the
underlying fen peat, in one case we simply gener-
ated a fen peat profile from the present (surface)
back to the basal date of the core (8000–11,600 BP,
depending on the core) and took the lower portion
of this fen peat from the transition time to the base.
We call this the “bog/fen scenario (b/f)”. Our second
method of generating a fen peat profile was to “bog
the fen.” Deeper fen peat was subjected to bog-
anoxic conditions (that is, fanox 5 0.025 rather than
0.1). A linear transition from fen-anoxic to bog-
anoxic conditions occurred in the 0.45 m below the
fen root zone; this layer, extending from 0.3 m to
0.75 m, corresponded to about 200 years of accu-
mulation. The portion of this bogged-fen peat from
the transition time to the base was then placed
under the bog peat to generate a bog/bogged fen
profile (b/b2f).

We also generated a bog/bogged rich fen (b/b2rf)

profile, where initial fen parameters were set to
values representative of current rich fen data. We
chose to test a rich-fen parameterization for the
initial fen stage because higher base cation (Ca, Mg,
K) concentrations in bulk peat samples from the
deep portion of the Mer Bleue core (P. J. H. Richard
unpublished) indicate that the site initially had con-
ditions appropriate for a rich fen. Similar initial
conditions are deduced from palynological and pa-
leobotanical analyses of the other cores, indicating
higher nutrient availability after ice retreat (Fron-
tenac, Malbaie) or after drainng of the postglacial
Champlain Sea (Mer Bleue, Mirabel). The parame-
ter changes from Table 1 were ms,a 5 0.35 kg m22

y21; mr,a 5 1.0 kg m22 y21, k0,a 5 0.38 y21, ms,b 5
0.15 kg m22 y21; and k0,b 5 0.07 y21. These were
based on NPP estimates for rich fens in western
Canada (Thormann and Bayley 1997) and mass loss
decomposition rates for rich-fen species (T. R.
Moore unpublished). Overall peat accumulation for
the rich-fen scenario was significantly greater than
for the standard-fen scenario (Figure 2), but most of
this additional peat was less than 2000 years old.

In each case we compared PDM simulations with
our default parameterizations (Table 1 or rich-fen
values above) to the core date profiles. We did not
try to adjust parameters to fit site data because there
are no measurements at these sites to constrain
water table depth or total and component NPP
rates. All of these values are site specific and have a
strong influence on peat accumulation.

Frontenac peatland. The PDM baseline fen sce-
nario compares well to the Frontenac fen core for the
last 6000 years (FRON-1), (Figure 7a). However,
PDM greatly underestimated the peat remaining from
the peatland’s first 1500 years. Accumulation rates
inferred from the core were then much higher (per-
haps related to higher NPP due to higher nutrient
levels). We tested a second scenario in which the
oldest peat (6000–7500 BP) was from a rich-fen sim-
ulation (see Figure 2). However, this made little dif-
ference and the discrepancy between PDM simulation
and core data remained (Figure 7a).

We generated the following three model scenar-
ios for the FRON-2 bog core: (a) b/f: 5300 years of
bog peat over 6500 years of fen peat, (b) b/b2f:
5300 years of bog peat over 6500 years of bogged-
fen peat, and (c) b/b2rf: 5300 years of bog peat over
6500 years of bogged–rich-fen peat. For the
FRON-3 bog core, we used only the b/b2rf scenario.
The bog portion of these scenarios generated a very
good portrayal of net peat accumulation behavior
observed in the FRON-2 and FRON-3 cores for their
bog period to 5300 BP (Figure 7b). The b/f scenario
underestimated the peat remaining from peatland’s
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first 6500 years as a fen, but subjecting this fen peat
to bog-anoxic conditions (b/b2f) improved the
model fit to the data. The b/b2rf scenario gave the
best approximation to the observed age–depth pro-
file of the FRON-2 core and had reasonable agree-
ment with the FRON-3 core (Figure 7b).

Mer Bleue and Mirabel bogs. We generated a
b/b2rf scenario for both the Mer Bleue and Mirabel
sites (Figure 7c). The default bog scenario was in

very good agreement with field observations at Mer
Bleue (over the last 6500 years), but the observed
rich-fen peat accumulation was much higher than
that simulated by the model between 8400 to 6500
years ago (Figure 7c). The thickness of the under-
lying bogged–rich-fen peat as simulated by PDM
was more similar to that observed 7200 years ago in
the case of Mirabel core (Figure 7c) when submitted
to bog conditions 6800 years ago, but the model

Figure 7. PDM profiles (lines) compared to dated peat
cores (dated depths correspond to points on each panel)
for (a) Frontenac fen core; (b) Frontenac bog cores; (c)
Mer Bleue and Mirabel bog cores, and (d) Malbaie bog
cores. See Table 2 for site descriptions. Notation for model

profiles (heavy lines) is as follows: f 5 fen, f/rf 5 fen over
rich fen, b/f 5 bog over fen, b/b2f 5 bog over bogged-fen,
and b/b2rf 5 bog over bogged-rich fen (see Table 2 for
fen-to-bog transition dates).
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overestimated the bog peat accumulated in that
core. The most important characteristic that distin-
guishes the two cores is their position relative to
groundwater (and nutrient) supply. The Mer Bleue
bog core is located laterally with respect to the
entire peatland, in the northernmost fingerlike ex-
panse through which the peatland drains west-
ward, while the Mirabel bog core is centrally lo-
cated within a much smaller system (Table 2). The
Mirabel core was the only one in which we found
evidence for local fires (conspicuous charcoal lay-
ers, for example, at 25 cm and 80 cm) (S. Muller
unpublished); the core age–depth curve may thus
depict reduced peat accumulation, either because of
the peat that burned, or due to postfire conditions
not immediately conducive to peat growth, or both.

Malbaie bog. We compared model b/b2f and
b/b2rf scenarios to MAL-2 and the b/b2rf scenario to
MAL-3, again using our baseline parameterizations.
The bog scenario accumulated peat more rapidly
throughout the profile than indicated by two cores
(Figure 7d). At MAL-2, the apparent fen peat accu-
mulation rate was similar for the model and the core
data, but the model had generated 2.5 m of bog peat
in the past 5000 years, whereas the core contained
only about 1 m of bog peat (Figure 7d). For MAL-3,
the model accumulated peat at about twice the ob-
served rate through the bog and fen stages (Figure
7d). The fact that the observed peat accumulation
rates during both (rich) fen and the overlying bog
stages are lower than at the other sites strongly points
to a climate effect, with temperature dominating be-
cause Malbaie is both colder and wetter than the
other sites (Table 2). This conclusion is also supported
by the results of model sensitivity to climate, unless
decomposition is more sensitive to temperature than
productivity (Figure 6). Clymo and others (1998) also
reported lower peat accumulation rates in cooler cli-
mates. In addition, the widespread pools found all
over Malbaie bog may well have consumed some of
the peat accumulated in the past by causing decom-
position with little production. The position of the
pools has shifted constantly during the peatland’s his-
tory (Lavoie and Richard 2000a). The absence of
slowly-decomposing Sphagnum tissues until 1000
years ago at MAL-2 probably means that tissue de-
composition rates were faster before that time and
thus also deeper than 1000 years (around 0.8 m) into
the peat. Faster decomposition rates lead to lower
accumulation rates.

DISCUSSION AND CONCLUSIONS

Several features in PDM distinguish it from previ-
ously published models of peat accumulation. PDM

used observed vegetation productivity and fresh lit-
ter decomposition rates as key parameters. The
model then included three mechanisms for slowing
decomposition rate with depth in the peat profile.
First, as litter decomposed, it became more resistant
to decomposition. By the bottom of the profile,
cohorts had lost about 96.5% (bog) to 98.5% (fen)
of their initial mass, reducing decomposition rates
by this same amount. Second, a temperature effect,
based on observed monthly mean temperature pro-
files and a Q10 5 2 temperature rate multiplier
function, reduced decomposition rates by 20% be-
low a depth of about 1 m. depth. Finally, there was
a reduction in decomposition rates by a factor of 10
(fen) or 40 (bog) due to anoxic conditions. The
product of these three effects was to reduce decom-
position rates from 0.05–0.2 y21 (surface) to
0.00012 y21 (bottom of fen) and 0.000076 y21

(bottom of bog), or by about a factor of 1000, sim-
ilar to the estimate of Belyea and Clymo (1999).
This relation of decomposition to observable pro-
cesses at any depth in the peat profile allows PDM
to predict a peat profile based on surface conditions
and does not require fitting any parameters to peat
core age–depth data sets.

A second new feature in PDM is the explicit
inclusion of roots and fresh root litter input into the
peat column. For both bog and fen scenarios, the
mean water table depth determined the depth of
the fully oxic zone. In the bog scenario, the mean
water table depth was also the rooting depth. In the
fen scenario, a partially oxic zone extended from
the mean water table depth down to the rooting
depth. Root litter inputs affected peat accumulation
primarily by incorporating fresh litter at some depth
in the peat profile, closer to the anoxic zone. This
root material had a shorter transit time through the
oxic zone, and more of the material was transferred
to the anoxic zone. In both the bog and fen scenar-
ios, increasing the proportion of vascular NPP that
was deposited as litter below the surface led to
increased total peat accumulation. A third new fea-
ture in PDM was the explicit treatment of litter
tissue from two different vegetation types (vascular
and moss), with different initial decomposition
rates. Total peat accumulation depended on the
fraction of total NPP attributed to mosses and vas-
cular plants.

With these three features, PDM was able to de-
velop scenarios representing both bog and fen con-
ditions. Although fen productivity was 17% higher,
peat accumulation was less for the fen scenario after
2000 years, primarily because the assumption of
more severe anaerobic conditions at depth in the
bog reduced mass loss by the deeper peat. Two
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other parameters also contributed to greater peat
accumulation in the bog: One was a higher initial
mass loss rate for fen moss than bog moss; the other
was a higher proportion of NPP by moss for the bog.
These were offset to some degree by the greater
proportion of total NPP from roots for the fen sce-
nario.

Clymo and others (1998) described three differ-
ent measures of a peatland carbon balance: the
long-term apparent rate of carbon accumulation
(LARCA 5 total peat mass divided by basal age), the
current rate of carbon accumulation (TRACA), and
the rate of carbon transfer from the oxic zone to the
anoxic zone (P*) (see Eq. [1]). They also estimated
the mean decay rate of the peat in the anoxic zone
(a*, equivalent to a mass-weighted average k in our
model). They generated P* and a* parameters by
fitting to peat core data a simple model with con-
stant P* and decomposition as in Eq. (3) (a 5 1 or
2). All of these indicators of peat accumulation can
be derived in PDM without curve fitting. LARCA
values for PDM were similar, whereas TRACA val-
ues were lower for both the bog and the fen sce-
narios than reported by Clymo and others (1998) in
their analysis of 795 peat cores from Finland (Table
3). Peat transfer rate to the anoxic zone was similar
for the bog scenario, but the fen scenario had much
greater transfer to the anoxic zone, primarily be-
cause of its significant root inputs into its partially
anoxic zone between the water table and the bot-
tom of the root zone. PDM mean decomposition
rates for the anoxic zone were faster for the fen and
slower for the bog than the curve-fit values Clymo
and others (1998) derived for a linear decay model
(as used in PDM) and a mean annual temperature
of 5°C. Overall, we conclude that with surface ob-
servations of NPP and decomposition rates and a
simple formulation for the change in tissue decom-

posability as peat moves down the profile, PDM can
generate critical peat-producing parameters similar
to those observed in northern peatland systems.

When PDM peat accumulation results were com-
pared with observed peat core age–depth profiles,
there were cases of both good and poor agreement.
Although we used a very general parameterization
and did not fit any parameters, PDM generated very
realistic profiles for the most recent 5000–6000
years at one fen (FRON-1) and three bog sites
(FRON-2, FRON-3, and MB-930). This same pa-
rameterization also overestimated peat accumula-
tion during the past 2500–5000 years at three other
sites (MAL-2, MAL-3, and MIR-1). There are sev-
eral factors that may have contributed to these
overestimations, some of which are demonstrated
by the PDM sensitivity results (Table 1 and Figures
5 and 6).

First, PDM overall accumulation was quite sensi-
tive to total vegetation NPP, particularly for bogs.
Peatland NPP generally decreases with cooler tem-
peratures (Moore 1989), so it is likely that Malbaie
has relatively low productivity and thus lower ac-
cumulation. Moore and others (2001) presented a
relationship between NPP and mean annual air
temperature that suggests that Malbaie NPP should
be about 55%–70% of that at the other sites. Sec-
ond, variations in the relative NPP of mosses to
vascular plants will also influence productivity
rates. This ratio is not known for many peatlands,
nor is its variability over millennial time scales.
Third, bog accumulation rates are very sensitive to
water table depth, and little is known about its
historical variability. Mirabel shows evidence of lo-
cal fires, which may have interrupted or tempo-
rarily reversed peat accumulation. Finally, from
2000 to 7000 cal. BP, the MAL-2 core shows very
high regional pollen concentrations (excluding

Table 3. Comparison of Characteristics of Peat Accumulation as Simulated by the PDM Model and as
Developed by Clymo and Others (1998)

Parameter Units

Present study

Clymo and Others 1998Bog Fen

Age y 8000 8000 ,1000–;11,000
P* kg m22 y21 0.059 0.17 0.072a

a* y21 0.00014 0.0011 0.0004a

LARCA kg m22 y21 0.036 0.031 0.024–0.072b

TRACA kg m22 y21 0.022 0.010 0.054c

The Clymo and others (1998) values are based on fitting curves to peat age–depth profile data for several hundred peat cores from Finland.
aBased on Clymo and others (1998; Figure 17) and a mean annual temperature of 5°C
bBased on Clymo and others (1998; Figure 15a) for peat ages of around 8000 years
cBased on P* value for the linear decay model and Figure 15b of Clymo and others 1998
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peatland plants) (Lavoie 1998; Lavoie and Richard
2000a), indicating for MAL-2 either high decompo-
sition rates (relative to production) or intermittent
periods of peat consumption. When pools are
present in a peatland, there will be significant de-
composition in the peat under the pool, but negli-
gible productivity in the pool (Seppälä and Kouta-
niemi 1985). This could lead to both enhanced
pollen concentrations in the underlying peat and an
age–depth profile similar to that observed in the
MAL-2 core.

Because PDM is essentially a static model, the
only dynamic feature we could simulate was a sin-
gle transition from fen to bog, a common phenom-
enon in northern peatlands (Davis 1984; Janssens
and others 1992; Kuhry and others 1993) that oc-
curred at all of our bog core sites. For the Frontenac
bog cores, PDM successfully simulated the underly-
ing fen peat accumulation when this peat was sub-
jected to bog-anoxic conditions, and its productivity
and root:shoot ratio were adjusted to rich-fen val-
ues. The same adjustment failed to produce better
simulations for the Mer Bleue and the Mirabel bog
cores. At the Malbaie core 2 site, the underlying
bogged-fen peat accumulation was similar to that
observed. For the Malbaie 3 core, PDM overesti-
mated fen peat accumulation; whereas at Mirabel
and Mer Bleue, PDM underestimated fen peat ac-
cumulation. In all PDM sensitivity scenarios, fen
peat accumulation was less responsive than bog
peat accumulation. Nonetheless, changes in root
contribution to total productivity, moss contribu-
tion to total productivity, temperature, or total pro-
ductivity itself could each change fen peat accumu-
lation by 6 20% or more, so scenarios of greater or
lesser accumulation could be derived.

Although the representation of fen-to-bog tran-
sitions in PDM is very simplistic, it generally im-
proves model performance, suggesting that future
development in this area would be fruitful. Among
the additional complexities that may be important
are details of the nature and rate of shifts in pro-
ductivity and decomposition during the vegetation
transition from fen to bog, and rate of development
of bog-anoxic conditions down the underlying fen
peat. The extremely high rate of accumulation from
6000 to 8000 cal. BP observed in the Frontenac fen
core (FRON-1) is coincident with a transition from
brown moss to herbaceous peat. A rich-fen param-
eterization could accumulate peat rapidly (Figure
2), but conditions for decomposition of this early
peat would have had to be much less favorable to
preserve such a large amount of this old peat. The
transition from initial marsh (telmatic peat) to true
fen peat, when it applies, is also a matter of concern

because of the tremendous differences in produc-
tivity and decomposition.

The PDM value for fanox for the bog scenarios
(0.025) is lower than reported values, and the fen
scenario fanox value (0.10) is at the low end of re-
ported values. Scanlon and Moore (2000) reported
a mean aerobic/anaerobic decomposition rate ratio
of 0.1 for 12-day incubations of intact cores. In
short-term slurry incubations, Moore and Dalva
(1997) and Bridgham and Richardson (1992) ob-
served values around 0.4. Longer incubations also
show a range in values—for example, Magnusson
(1993): 26 weeks, 0.09–0.2; Updegraff and others
(1995):80 weeks, 0.25–0.5; Bridgham and others
(1998): 59 weeks, 0.13–0.25. Based on the PDM
model results, we hypothesize that these observa-
tions underestimate the degree of anoxicity in deep
peat, particularly for bogs. All laboratory incuba-
tions involve significant disturbance of the in situ
peat. The isolation of deep peat from the surface for
centuries to millennia, due to extremely low hy-
draulic conductivities (see, for example, Ivanov
1981), cannot be re-created in the lab. In addition,
the longer incubations may underestimate optimal
aerobic decomposition due to developing substrate
limitations. Another possible explanation of the ap-
parent success of the low anoxic decomposition
rates in PDM is that they compensate for an under-
estimation in the decline of cohort decomposability
with mass loss (that is, a . 2 in Eq. [3]).

One important factor affecting peat accumula-
tion at any site that was not included in PDM was
the impact of varying environmental conditions
over the millennia of peatland development and
the effects of autogenic processes such as micro-
topographic development. Retreat of the ice sheet
left bare soils whose nutrient content was initially
high, then was progressively diminished through
leaching (Willis and other 1997; Iversen 1954).
There have been significant changes in climatic
conditions in eastern Canada over the past 10,000
years (for example, see Wright and others 1993;
Richard 1994; Lavoie and Richard 2000b). These
changes have probably influenced peatland plant
productivity (and thus litter input rates), peat soil
climate profiles (and thus decomposition rates),
and the composition of peatland vegetation (and
thus tissue decomposability). Variation in any or
all of these ecosystem function rates would lead
to significant variation in peat accumulation rates
over time (see Figures 5 and 6) (Clymo and others
1998). In the PDM results presented here, how-
ever, total NPP, the proportions of NPP from vas-
cular and moss vegetation, and initial decompo-
sition rates were all assumed to be constant
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through time; and thus, model age– depth profiles
are always a smooth, monotonic curve. To more
fully explore the influence of the climatic varia-
tions on peat accumulation, the model would
require dynamic water table and thermal re-
gimes. These would influence plant demographics
and both productivity and decomposition rates
and thus most parameters in PDM.

Dynamics could be incorporated by merging PDM
with the Peat Accumulation Model (PAM) of Hil-
bert and others (2000). PAM includes a simple wa-
ter balance model that simulates the position of the
water table as a function of the inputs and outputs
of water and the changing surface elevation of the
peatland. PAM also includes a simple description of
the relationship between the position of water table
and NPP of a peatland. At present, PAM does not
consider the impact of variations in temperature,
does not distinguish between moss and vascular
plants or belowground and aboveground litter in-
puts, and has an overly simplified decomposition
submodel.

To examine the impact of variations in climate,
two additional pieces of information are required.
First, an approximation of the date of peatland ini-
tiation is needed. In most major peatland regions
there are estimates of the basal dates for the initia-
tion of peat accumulation. The second requirement
is a realistic chronology of the relative variations in
moisture input to the peatland from the time of
initiation to the present day, obtained from a data
source independent of the peatlands. These inde-
pendent chronologies are not readily available in
most peatland areas, but regional reconstructions
based on palynological and macrofossil analyses of
lake sediments in some peatland regions are forth-
coming (for example, see Lavoie and Richard
2000b; S. D. Muller and P. J. H. Richard unpub-
lished).
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