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ABSTRACT: Globally, considerable carbon (C) is stored in soils, particularly in peatlands. These
stores play a potentially significant role in atmospheric C-cycle feedbacks, and thus need to be
accounted for in global models. However, present global soil models do not accurately represent peat
C-stocks and -dynamics; thus, their climate–soil C feedback predictions are questionable. A major
shortcoming of current models that are based on the decomposition of soil C pools is the lack of representation of long-term (non-equilibrium) soil organic carbon (SOC) accumulation, as peat cohorts,
with cohort age information. Whereas C-pool models are commonly ‘spun up’ to equilibrium over
several hundred years using an average climate, in nature, soils actually evolve over many thousands
of years with associated changes in litter amounts and quality, which affect SOC accumulation, and
hence peat formation. Secondly, peat soils have a unique hydrology, and changes in the water table
depth (WTD) of peat are important in regulating SOC turnover, yet current non-cohort C pool models fail to include such dynamic hydrological processes. We have developed an improved peat agecohort model called MILLENNIA, with a variable WTD driving C-dynamics during Holocene peat
accumulation, allowing validation with peat age data and the testing of a realistic WTD-driven peat
SOC stock response to climate-change scenarios. Model C-dynamics showed particular sensitivity to
water table dynamics through precipitation and runoff, as well as to litter quality and decomposition
rates. We show that predicted SOC accumulation and peat ages compare well with observations from a
UK peatland site, which is currently (on average) a weak net C source with strong climate sensitivity.
KEY WORDS: Soil carbon stocks · Modelling · Peatland · Peat accumulation · Pedogenesis ·
Simulation modelling · Soil mixing · Litter quality
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1. INTRODUCTION
The current human-induced increase in atmospheric
CO2 and CH4 is strongly modulated by a range of terrestrial biogeochemical feedbacks coupled to climate,
with the potential to amplify global warming. Quantifying biogeochemical cycles, particularly carbon, is

therefore fundamental both to understanding how the
Earth’s climate is changing and to managing climate
change. The largest store of organic carbon (C) in the
biosphere is in the soil, with current estimates of
around 3500 Gt (Tarnocai et al. 2009), with about onethird stored in deep (>1 m) peat soils of the Northern
Hemisphere (NH) at mid- to high-latitudes (Gorham
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Table 1. Estimates of soil organic carbon stocks (Gt C equal to either Pg C or × 1015 g C) for major terrestrial biomes. The estimates
in the table differ due to the respective data for soil C density (e.g. IGBP), soil depths (cm) and biome area (i.e. land cover maps).
The table does not contain double accounting (e.g. peatlands are either singly counted as wetlands or boreal forests, etc.). IGBP:
International Geosphere Biosphere Programme; WBGU: German Advisory Council on Global Change; ISLSCP: International
Satellite Land Surface Climatology Project; IPCC: Intergovernmental Panel on Climate Change; GLCM: Global Land Cover Map.
Table after Rodeghiero et al. (2009)
Biome

Forest
Tropical & subtropical
Temperate
Boreal
Savanna & grassland
Tropical & subtropical
Temperate
Desert & semi desert
Tundra
Boreal
Croplands
Wetlands
Bare
Total C stock

IGBPa
100 cm
IPCC 2001

IGBP
100 cm
GLCM 2000b

WBGUc
100 cm
IPCC 1990

ISLSCP IId
150 cm
GLCM 2000b

ISLSCP II
30 cm
GLCM 2000b

213
153
338

209
97
174

216
100
471

275
131
255

109
43
62

247
176
159
115
165
–
–
–

206
171
199
106
76
76
147
36

264
295
191
121
–
128
225
–

276
236
276
158
110
101
211
50

98
80
86
42
29
36
53
16

1566

1497

2011

2079

654

a

Estimate taken from the IPCC 2001 (Bolin et al. 2000). b Land cover map (GLCM, i.e. percentage land use per grid cell) area was
calculated using global 0.5° grid satellite data (GLC 2000 V1.1; GLC 2003) and was overlaid with corresponding grid information
on the biomes based on the Holdridge Life Zone data (Leemans 1992). c Estimate of soil C taken from the IPCC 1990 (IPCC 1990)
with very high Russian (boreal) forest soil C. d Soil C estimates taken from the ISLSCP II dataset (ISLSCP II 2005)

1991). Additionally, peat soils provide many ecosystem
services such as water storage. Although peat can be
much deeper than 1 m, global (and national, see Garnett et al. 2001) C-stock estimates usually only consider the top 1 m of the soil and are based on rough
extrapolations with large uncertainties between estimates (Table 1).
General circulation models (GCMs), which predict
future climate change based on greenhouse gas level
scenarios, only started including dynamic land surface
variables in the last decade (Cox et al. 2000). Current
predictions suggest that the land surface will cease to
be a net C sink by 2050 and possibly become a net
source, due to soil organic carbon (SOC) losses, with
considerable uncertainty regarding biotic feedbacks
(IPCC 2007), the greatest uncertainty being related to
the responses of SOC stocks (Friedlingstein et al.
2006). Indeed, the latest global C budgets suggest this
decline may have already started (Le Quéré et al.
2009). However, because of their architecture and soil
hydrology (mainly developed for mineral soils), current
models are unable to incorporate the key SOC processes found in peat soils. These peatland processes, on
the other hand, have a potentially pivotal role in global
C-cycle feedbacks (Canadell et al. 2009), due to their
large C-stocks and climate vulnerability resulting from
changes in water table depth (WTD) and/or temperature (Yu et al. 2003, Holden 2005).

In most of the high-latitude NH and northern
Europe, SOC stocks accumulated during the Holocene, after the last glacial period (~10k years ago).
During this time, changes in climate have resulted in
gradual variation in plant functional types (PFTs), with
consequent litter quality and root input changes affecting soil organic matter (SOM) pools, SOC accumulation and decomposition rates, and WTD dynamics. In
areas where climate, litter quality and limited soil mixing (i.e. incorporation of SOM into the mineral fraction)
lead to surface SOM accumulation, litter and humus
cohorts have developed over the mineral soil, eventually leading to peat formation with a distinctly layered
14
C SOC age signal (e.g. Zhang et al. 2002, Yu et al.
2003), with peat initiation in the NH high latitudes estimated at around 10k years ago (Johnson & Dunham
1963, Jones & Yu 2010). However, the future of these
C-pools and -fluxes (including CH4) remains unclear,
especially for peat soils in high latitudes of the NH,
particularly in areas where accelerated climate change
is predicted (Chimner et al. 2002). One key approach
to understanding the sensitivity of these C-stocks to
climate change is to explore past (i.e. peat cohort) SOC
accumulation rates— equivalent to exploring the Vostok
or Dome C ice-core records to better understand the
major controls of the global C-cycle (see Yu et al. 2003).
Currently model architecture, hydrology concepts and
the lack of key processes in models, specifically, long-
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term decomposition of the peat cohort (mediated by
litter quality) in relation to a dynamic WTD, prevent
utilising this source of information.
Global model predictions of the response of soil C to
a changing climate are questionable for several reasons. First, existing SOC turnover models divide soil C
into conceptual pools with different turnover rates (e.g.
Jenkinson et al. 1987, Parton et al. 1987). This semimechanistic approach is the basis of one of the most
widely used SOM models, viz. CENTURY (Parton et al.
1987, Woodward et al. 1998). Secondly, soil processes
in such models are largely based on century-scale concepts developed for mineral soils, excluding dynamic
humus and millenia-scale peat layer development,
and, thus, do not explicitly include peat soils in considerations of SOM decomposition in relation to a
dynamic WTD. Consequently, the models are unlikely
to adequately predict current or future global soil CO2
and CH4 fluxes and their climatic feedbacks (Jungkunst & Fiedler 2007, Limpens et al. 2008). Notably,
dynamic global vegetation models do not ‘produce’
realistic C-rich SOC stocks (Le Quéré et al. 2009) or
peat depths (soil C densities are limited to < 35 kg m–2);
global estimates of ‘true’ C-stocks in peat regions are
much higher (up to 125 kg m–2) (Fig. 1), and ground
surveys show even higher values (at peat depths of
> 5 m, > 250 kg m–2). Thirdly, a key process responsible
for humus and peat layer development is a lack in biological activity (i.e. mixing/bioturbation) by, for example, earthworms as a consequence of climate, hydrology, soil chemistry and litter quality. So far, models do
not adequately reflect these pedogenetic principles
and the consequent changes in the hydrological properties of soil layers resulting from altered C input and
SOM content over time (Baumann et al. 2009). Low
mixing of litter inputs with mineral layers results in
mor-humus layers with low bulk density, and thus
higher moisture retention, eventually leading to the
formation of a mineral-free peat layer and altered
hydrology, where WTD dynamics limit decomposition
rates. The result is a peat column split by the WTD
(Ingram 1982) into an acrotelm (above WTD and
largely aerobic) versus a catotelm (below the WTD and
predominantly anaerobic). Crucially, below the WTD,
anaerobic decomposition of old SOM and fresh root
inputs into the catotelm is slowed down considerably.
Simple mineral-based C pool models do not consider
the effects of peat hydrology or WTD decomposition in
such low bulk density soils, and, currently, no pedogenesis-based model is available to simulate SOC
dynamics ranging from mineral to peat soils (Yu et al.
2001a).
Recent global-based (e.g. Ise et al. 2008, Wania et al.
2009a,b) and site-based model developments exhibit
an attempt to overcome the modelling shortfalls re-
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Fig. 1. Soil organic carbon (SOC) densities (kg C m–2) in
model outputs for the year 1860 from: (A) the Hadley Centre;
(B) the RothC model versus (C) global estimates of SOC stocks
based on the ISLSCP II data (0 to 150 cm soil depth). Panels A
and B are both from Jones et al. (2004) (with kind permission
from Wiley-Blackwell), and Panel C is from the ISLSCP web
site (http://daac.ornl.gov/ISLSCP_II/islscpii.shtml). Note: the
upper limit of SOC densities for the model is about 30 kg C
m–2 (total global SOC stock of ~1000 Gt), whereas the global
estimates (ISLSCP) show values of up to 125 kg C m–2
(~1500 Gt). However, the latest global SOC stock estimates
(Tarnocai et al. 2009) are more than double this (~3500 Gt)

lated to peat or humus (i.e. ForCent; W. J. Parton pers.
comm.) and mixing (Jenkinson & Coleman 2008).
However, these SOC pool models are commonly ‘spun
up’ over only a few hundred years, using constant climate (usually the long-term site average, e.g. 1960 to
1990) and vegetation to reach an ‘equilibrium’ SOC
content by adjusting pool allocation and turnover
rates; they do not consider mixing effects on mineralfree SOM cohort development. Such an approach does
not take into account that soils develop over millennia,
with substantial variations in climate, WTD, PFTs and
litter quality affecting decomposition. It does not allow
comparison with measurable SOM and C age-cohort
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fractions either, limiting the comparability of model
results to ‘real’ site SOC. In fact, Luyssaert et al. (2008)
recently proposed that even old growth ecosystems
still accumulate SOC, although at a slow rate, calling
the validity of this equilibrium method into question
(Goidts et al. 2009). In summary, the current major
peat-related soil C modelling shortfalls are:
(1) soil process representation is inadequate, specifically lacking mineral-free peat cohort layer development as a result of limited soil layer mixing;
(2) representation of mineral-free soil hydrology is
unrealistic, notably lacking a dynamic peat cohort WTD
regulating decomposition, and inclusion of low bulk
density peat layers;
(3) soil genesis inclusion is incomplete, lacking a
peat C age-cohort structure suitable for model validation with consideration of dynamic long-term climate
effects on non-equilibrium SOC accumulation and
changes in PFT and SOM quality.
Although alternative approaches to C-pool models
have been developed, currently no adequate model is
available to predict the future of peat SOC stock and
flux changes considering all of the above shortfalls.
The following section briefly outlines past model
approaches taking litter quality and peat cohorts into
account.
Simple litter decomposition models exist using basic,
but well-established, environmental regressions to
predict C input and the decomposition of litter/SOM.
They combine actual evapotranspiration (AET)-derived
net primary productivity (NPP) (Webb et al. 1978) and
internal rate modifiers (e.g. litter quality) as well as
external rate modifiers (e.g. AET or temperature) to
predict litter decomposition rates (Minderman 1968,
Meentemeyer 1978, Berg & McClaugherty 2003).
More recently, several studies have included an
assessment of litter quality and decomposition along
climate gradients across countries (Zhou et al. 2008) or
even continents (Gholz et al. 2000); inclusion of these
data in simple 3-pool litter decomposition models,
incorporating internal and external modifiers, have
shown promising results (Adair et al. 2008). Some
recent models have even had multiple soil horizons
(Wallman et al. 2006).
Litter decomposition models have also been applied
to simulate C accumulation in peatlands since the early
work of Clymo (1984); these use a litter cohort approach with increasing complexity, as summarized by
Yu et al. (2001a). Occasionally this approach has considered climate response surfaces to determine peatland PFTs (Gignac et al. 1991, Bauer et al. 2003) but
crucially, has never considered a long-term change
in climate and thus variable hydrology (i.e. WTD) and
NPP, mainly due to the lack of past climate data since
the end of the last glaciation (i.e. for the UK, ~10k years

ago). Furthermore, these models did not consider the
long-term consequences of dynamic WTD-driven PFT
changes with litter quality and root input effects on SOC
accumulation, cohort age and decomposition C fluxes.
Our model builds on components from the above
literature to develop a dynamic peat cohort model considering Holocene SOC accumulation and specifically
addressing dynamic litter (including root) inputs and
hydrology (including WTD). In the following we: (1)
present an improved peat cohort model structure
(MILLENNIA), addressing realistic millenial time scale
peat cohort SOC build-up taking dynamic WTD and
PFT changes into consideration and providing a basis
for further humus and peat cohort model developments; (2) show model validation with UK field data,
including peat cohort age profiles; (3) predict the
climate sensitivity and future evolution of a UK upland
peatland on annual to century time-scales; and (4) present a basic model sensitivity analysis.
Whereas the first half introduces the test site and the
MILLENNIA peat cohort model with validation, the
second half applies the model to address the research
hypotheses given below (H1 to H5; related to peat
accumulation) in order to determine which model outputs are affected by the inclusion of currently absent
processes and to what extent.
(H1) A realistic Holocene climate spin-up with variable PFT alters peat accumulation rates and final SOC
stocks significantly as compared to assuming a constant climate.
(H2) Root litter NPP input is crucial for realistic peat
SOC stock and age predictions.
(H3) Currently, UK peatlands are in a near-equilibrium SOC state, mainly due to the time since peat initiation and a relatively stable recent climate.
(H4) The near-equilibrium SOC state of peat is vulnerable to predicted high-latitude NH climate-change
scenarios.
(H5) Within the predicted range of climate-change
scenarios, precipitation is more important in affecting
SOC stocks than temperature.

2. METHODS
2.1. Site description and data availability
2.1.1. Moor House, Upper Teesdale
For model testing we chose the Moor House National
Nature Reserve (NNR), a site of the UK Environmental
Change Network (ECN). Long-term meteorological
data, as well as detailed data on soil properties (e.g. bulk
density) and hydrological characteristics (WTD), are
available for the site. The Moor House NNR is an upland
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area (~75 km2) located in the northern Pennines, UK
(ranging from about 290 to 848 m above sea level). The
climate can be classified as sub-arctic–oceanic, with an
average long-term mean annual temperature (MAT) and
precipitation (MAP) of about 5.3°C and 2000 mm, respectively. However, MAT has been shown to have
recently increased to 5.8°C (Holden & Rose 2010). The
site is one of the largest areas of blanket bog in England,
and is a World Biosphere Reserve. Extensive peat formation began in the late boreal (~9k years ago), as bog
communities began to replace a birch forest, the macroremains of which are commonly found at the base of the
peat (Johnson & Dunham 1963).
We focused on a square kilometre around the ECN
meteorological station (NY757328; 54° 68’ N, 2° 37’ W),
a site of histosol (commonly known as peat), supporting
vegetation (mainly Calluna vulgaris L. [Hull] and Eriophorum sp. with some Sphagnum sp.–dominated moss
patches), classified as a Calluna vulgaris–Eriophorum
blanket mire. Typically the site has a pH of around 4.3
and a high mean annual WTD (~5 cm).

2.1.2. Moor House soil carbon stocks
Garnett (1998) studied the blanket bog across the
Moor House area and provided detailed data on total
peat depth in relation to aspect, slope and vegetation
type, and compared estimates with the national database
(Garnett et al. 2001). However, this comparison was limited to 1 m soil depth, although blanket peat can occur
much deeper than this (Garnett 1998), with the mean
depth of intact peat at around 50 to 250 cm, depending
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on aspect and slope. Using bulk density site data
(Garnett 1998), this equates to SOC stocks of about 25 to
125 kg C m–2; in comparison, a 1 m depth limitation
would only equate to around 25 to 45 kg C m–2.

2.2. The MILLENNIA peatland cohort model concept
The model presented here (called MILLENNIA)
functions in annual time-step intervals on a square
meter plot-level and is a modified peat decomposition
model (PDM) based on litter cohorts and AET-derived
NPP inputs (shoot and root). Unlike previous models
(e.g. Frolking et al. 2001, Bauer et al. 2003), MILLENNIA includes simple climate-driven WTD dynamics
regulating decomposition in 2 peat layers, the acrotelm and catotelm (Ingram 1982; see Fig. 2A). Decomposition rates are modified by external (e.g. temperature and oxygen availability) and internal (e.g. lignin
to hemicellulose and soluble C ratio) factors. Crucially, peat accumulation and depth can change in
both directions (i.e. C gain or loss). The MILLENNIA
PDM ‘grows’ total peat depth during a specified
Holocene period (i.e. over the past ~10k years) as
annual cohorts, tracking individual cohorts (over
depth) and total peat column age (mass-weighted
average of all cohorts). Notably, this long-term buildup of total C-stocks with inherent C age information
and variable NPP and root inputs (i.e. suitable for
model versus field data validation) is not included in
the above-mentioned or other available peat models
such as the CASA model (Potter 1997). Moreover,
WTD and PFTs are dynamic in our PDM (Fig. 2),

Fig. 2. MILLENNIA peat model. (A) Modelled peat column with water table depth (WTD) dividing peat cohort layers plus rooting
zone and thus litter input into acrotelm versus catotelm cohorts (note: bedrock is not shown, and the surface 10 cm is considered a
vegetation layer, including a mat of moss, Sphagnum and root, allowing WTD to be above the peat surface). (B) Estimated plant
functional types (PFT) as proportions of net primary productivity based on mean annual WTD
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reflecting changes in climate (e.g. time and aspect)
and runoff (e.g. rainfall intensity and slope) that affect
both decomposition and methane fluxes. Annual WTD
(although monthly WTD can be calculated, see Clark
et al. 2010, this Special) is used to estimate decomposition and gas exchange, due to the constraint in the
applied annual empirical relationship for litter mass
loss (e.g. Jenny et al. 1949, Clymo et al. 1998). In the
following we present some of the most fundamental
model structures.

2.3. Model input data and process description
2.3.1. Holocene climate and potential
evapotranspiration
Reconstructed Holocene climate data are necessary
to realistically model variable past water table, NPP
and decomposition and, thus, peat accumulation. In
general, it is difficult to obtain local information on
Holocene climate, particularly on an annual scale, as
is needed for our PDM. However, such data are available for other regions across the globe at similar latitudes, mainly based on pollen records (e.g. Xu et al.
2009). These data show rapid warming and increased
precipitation around 10k years ago and subsequently
some variability in mean climate parameters, with
certain periods of significant change (e.g. cold versus
warm and dry versus wet). We used (1) a combination
of 2 North American (NA) datasets (Gajewski et al.
2004, Bunbury et al. 2006), but adjusted the onset of
major change to 10k years ago to reflect UK conditions; (2) a reconstruction based on Oak Ridge
National Laboratory (ORNL) information (www.esd.
ornl.gov/projects/qen/nercEUROPE.html) using records
for China (Xu et al. 2009) as an indication of the magnitude of changes; and (3) a constant present climate
(4.75°C and 1922 mm) based on elevation-corrected
MetOffice (gap free) records from 1931 to 2005 (Clark
et al. 2010, this Special). Crucially, such data include
MAT and MAP, which can be used to derive AET
using a simple equation (Turc 1954); although more
sophisticated equations exist, the necessary input data
are currently not available for the Holocene, although
future projects might deliver much better Holocene
climate reconstructions (e.g. www.bridge.bris.ac.uk/
projects). Comparison of AET predictions for a similar
Welsh site with actual latent heat fluxes (from eddy
covariance) were in good agreement (not shown); in
general, eddy covariance stations (e.g. CarboEurope)
could provide a good check on the validity of this or
other AET models. We also had access to site ECN
meteorological station data, but these included several
data gaps.

2.3.2. Water table and runoff
The MILLENNIA PDM assumes that the WTD is the
result of allogenic factors (external) (Clymo 1984)
and for simplicity ignores more complex compaction
changes with depth. It reflects a simple hydrology concept and is calculated as the balance of previous WTDs
and new water input, the latter being calculated as the
difference in precipitation (PPT), AET (Turc 1954) and
runoff, including assumptions on how much pore
space is available for infiltration based on peat depth
above the WTD. Runoff is calculated annually or
monthly depending on the antecedent WTD, the PPT
and the slope, the latter reflecting a sine function
increase in runoff between a 0° and 90° angle. If the
antecedent WTD is shallow, then a large proportion of
the annual PPT runs off due to the high hydrological
conductivity of the peat near-surface (Evans et al.
1999). Conversely, if the WTD is deep, a larger proportion of the PPT is retained. At Moor House a roughly
exponential empirical relationship has been suggested,
with values ranging from 0.9 × PPT at a WTD of 0 cm
to 0.1 × PPT at a WTD of 70 cm (Holden et al. 2007). We
adjusted the following equation to enable simulation of
the mean site WTDs (ECN data) at monthly and annual
time scales:
Runoff = [1 – (0.9 – 0.7325e(–0.01WTD)cos(2 π)] PPT

(1)

2.3.3. Plant functional types and net primary
productivity
Vegetation cover is determined by a response surface approach (e.g. Gignac et al. 1991). We used a
Canadian wetland database of plant species coverage
(area) versus WTD (Zoltai et al. 2000) comprising several sites and collected over a 5 yr period. We then
grouped the information consistently with the PFTs
observed in UK blanket peatlands and created a reference table for coverage proportions of 8 major and representative, but in many ways contrasting, PFTs (trees,
shrubs [i.e. ‘woody’ in Fig. 2], herbs, Sphagnum moss,
other bryophytes, grasses, rushes and sedges). These
proportions were adjusted (Fig. 2) to reflect coverage
(biomass) based on expert knowledge and information on UK peatland areas (Forrest 1971). So far, the
model assumes WTD as the prime determinant of PFT
coverage and excludes temperature effects. NPP (in g
dry matter m–2 yr–1) is calculated from the global
Thornthwaite Memorial equation (Lieth & Box 1972)
in relation to potential evapotranspiration (PET), and
subsequently converted into g C m–2 yr–1 using a conversion factor of 0.5 (Heal & Smith 1978) such that:
NPP = 0.5 [3000 (1 – e–0.0009695 (PET – 20))]

(2)
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2/3 vs. 1/3
2/3 vs. 1/3
2/3 vs. 1/3
2/3 vs. 1/3
–
–
Adapted
from
Forrest
(1971)
–
–
0.40
0.04
–
–
Adapted from
Sebacher et al.
(1985)
Schimel (1995)

2/5 vs. 3/5
2/5 vs. 3/5
–
–

200
10
(or = WTD)
40
40
60
50
–
–
Expert
advice
Herb
Grass
Sedge
Rush
Moss
Sphagnum
Reference/Source

0.600
0.300
0.100
0.500
0.400
0.100
0.475
0.400
0.125
0.450
0.400
0.150
0.210–0.219 (WTD)
0.475
0.235–0.315 (WTD)
0.210–0.219 (WTD)
0.475
0.235–0.315 (WTD)
Heal et al. (1978), Bauer (2004), CEH (UK) data (unpubl.)

1.0
1.0
0.8
0.9
0.6
0.5
Adapted
from
Bauer
(2004)

50
0
(or = surface)
10
10
30
30
–
–
Expert
advice
0.8
0.8
0.300
0.275
0.450
0.475
0.250
0.250
Tree
Shrub

NPP root
vs. shoot
PMT rate
Max. rooting depth (cm)
WTD < 0
WTD > 0
N-multiplier
% Lignin
% Holocellulose

Litter input is assumed to be equal to annual NPP,
but is composed of different litter qualities based on
the PFTs (see Table 2). Above-ground (leaf) litter is
deposited at the surface, whereas root litter is distributed throughout the profile according to the root NPP
distribution (see Section 2.3.3). Litter is divided into 3
chemical fractions: soluble, holocellulose and lignin, as
proposed by Wallman et al. (2006), based on estimated
PFT chemical compositions (Jones & Gore 1978, Bauer
2004) and their mass fractions added to the cohort.
However, bryophytes and Sphagnum show altered
chemical composition with WTD according to Bauer
(2004). These litter chemical inputs are added respectively to the total mass remaining in each cohort at the
end of the previous year, leading to ‘proportional bins’
of each chemical fraction (Bauer 2004) with unique
decomposition rates (yr–1). Basically, soluble material
decaying rapidly (0.719) in the initial stages, holocellulose slower (0.469) and lignin very slowly (0.060); these
rates reflect a discounted static N-effect included by
Bauer (2004) of 0.575, 0.375 and 0.06 yr–1, respectively,
to allow a variable N-effect due to dynamic PFT
changes. These decay rates are modified from their initial baseline value at the surface, where decomposition
is fastest, first by internal and then by external ratemodifier factors, and WTD regulates the magnitude of

% Soluble

2.3.4. Litter input, quality, decomposition and C-fluxes

Plant functional
type

Notably, this relationship has been supported in the
UK in comparison to site NPP values by Garnett (1998).
There is large uncertainty as to how to distribute
NPP above- and below-ground (Kosykh et al. 2008).
The assumed proportions that each PFT contributes to
above- versus below-ground NPP are PFT specific
(below-ground: 2/5 for shrub and trees versus 2/3 for
other vascular plants) and the depth of root NPP allocation is either a uniform or exponential distribution (see
Table 2), with maximum rooting dependent on the
WTD (Bauer 2004). Root NPP is mostly allocated above
the WTD in an exponential way, i.e. with most NPP at
the soil surface and a PFT-specific parameter determining that only 20% of the root NPP is deposited
below the WTD. However, several centimetres of
shrub and tree root NPP are included in the aboveground NPP pool, as they are commonly observed in
heather peatlands above the peat surface in the moss
layer, explaining the larger above-ground NPP proportion. Rushes and sedges are assumed to grow roots to
a depth of 50 and 60 cm, respectively, when WTD is
< 0 cm and trees have a maximum rooting depth of 2 m.
If the maximum rooting depth exceeds the peat column,
then inputs are assigned to the ‘penetrable’ bedrock
layer.

Table 2. Model parameter characteristics for the 8 plant functional types, i.e. litter quality (fractions), N-multiplier, maximum rooting depth, plant-mediated transfer
(PMT) rate and root/shoot net primary production (NPP) allocation. Note: parameter choice was based on references if possible, on expert advice, or on both. WTD: water
table depth. (WTD): regulation of a range driven by WTD
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these effects. Decomposition rates are applied to each
chemical fraction separately following the same basic
structure as outlined by Clymo et al. (1998).
Internal rate modifiers. The chemical fraction decay
approach used here was first introduced by Berg
(1986), but see also Berg & Ekbohm (1991) and Berg
& McClaugherty (2003), based on litter bag studies.
Firstly, the litter N-content affects initial decomposition
rates of the soluble and holocellulose fractions, but not
lignin (see Bauer 2004), and as our model includes root
litter inputs, the decomposability of the lignin pool is
calculated as the proportion of lignin remaining compared with the total amount added (see Frolking et al.
2001). Secondly, the ligno-cellulose quotient is more
important in later stages, found to have an asymptotic
decay limit, which is calculated for each cohort as a
weighted average of the litter types. In order to accommodate the addition of litter inputs each year, this limit
is averaged annually from existing and new litter proportions of the total mass. The internal decay rates in a
cohort are calculated based on their relationship to the
decay rate of lignin. If the ligno-cellulose quotient is
greater than the asymptotic limit of this quotient, then,
for each cohort in year i, the internal decay rate (INT)
of these chemical fractions [ j = (soluble and holocellulose)] are calculated as follows:
α INT,j ,i = α INT,Lig,i + ( α N,j ,i – α INT,Lig,i )

Qi – Qc
Q0 – Qc

(3)

where α N,j,i is the N-adjusted surface decay rate for
each chemical fraction, Qi is the ligno-cellulose quotient of the cohort in year i and Qc is the asymptotic
limit of the ligno-cellulose quotient. Q0 is the lignocellulose quotient of fresh surface litter, and αINT,Lig is
the internal lignin decay rate. If the limit of the lignocellulose quotient has been reached, then the rates of
both holocellulose and soluble fractions equals that of
lignin.
External rate modifiers. We consider pH, temperature and oxygen availability. Temperature and oxygen
availability both positively affect decomposition, with
lower values inhibiting decay. Soil temperature decreases with depth, with a sudden drop below the
water table. This is incorporated into the model by
applying a simple multiplier (f[Temp]) to the decay
rate, leaving it unchanged at the surface and decreasing exponentially by 20% of the rate at the peat base
(Frolking et al. 2001). For terrain studies we also consider slope and aspect effects on temperature based
on considerations of Barry & Chorley (2003). Oxygen
availability is determined by the position of the water
table, assuming fully oxic conditions and unchanged
decay rates above the WTD. Below the WTD (catotelm), decay is anaerobic and slowed down by a multiplier (fOx) corresponding to changes in the WTD

(oxic:anoxic ratio), ranging from 1 above the WTD to
0.0625 at a depth of 10 cm below the water table, with
a linearly decreasing relationship at depths in the
intervening region according to Bauer (2004) and
Frolking et al. (2001). The final decay rates of each
chemical fraction j = (soluble, holocellulose, lignin) in
a cohort are calculated as follows based on the INT
decay rates:
α j,i = α INT,j,i × f(Ox) × f(Temp)

(4)

The model assumes that the annual C mass loss
through decomposition is converted to either CO2 or
CH4, the proportions of which are determined by the
cohort position in relation to the WTD, with CO2 the
product of aerobic decomposition in the acrotelm and
CH4 the product of anaerobic decomposition in the
catotelm (after Clymo 1984). We assume that all gases
produced are emitted over the year, but CH4 diffusing
through the acrotelm is potentially oxidized, depending on the acrotelm dry mass (using bulk density and
dry matter conversion of modelled g C units, see
below), at a rate of 1.021 × 10– 3 mol g–1 yr–1 (Watson et
al. 1997), or is emitted directly via plant-mediated
transport (PMT) through aerenchyma as proposed by
Potter (1997). We chose PMT values of 4% for rushes
versus 40% for sedges based on Sebacher et al. (1985)
and Schimel (1995), respectively. All other PFT PMT
values were ‘0’.
2.3.5. Long-term peat development
Each year the masses of the peat cohorts change
depending on total NPP litter inputs versus total
decomposition as outlined in Section 2.3.4. The total
height of the peat column is based on the peat column
bulk density (BD) profile (in g dry organic matter
cm– 3), which becomes denser with depth. The model
applies a sigmoidal curve ranging from 0.05 at the surface to 0.10 at the base (compaction effect) of the peat
with an inflection point at the WTD line, comparable to
the findings of Garnett (1998) and Heal & Smith (1978).
However, we also allow for peat expansion immediately under the WTD ‘BD(below)’ line (the ‘sponge’
effect):
BD(above) = 0.05 + 0.07/(1 + e(–WTD/10 + 1))

(5a)

BD(below) = 1 – 0.2 e(WTD + 1/10) BD(above)

(5b)

From these equations the total peat height can be
calculated by summing all peat layers, which is also
crucial for determining the WTD level and thus acrotelm versus catotelm depth, mass and decomposition
rates. Total C-stock per square meter is derived by
multiplication of the dry organic matter mass by a factor of 0.50 (see above; Heal & Smith 1978). Finally, we
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formulated an erosion equation (used for the terrain
study only), based on total organic carbon (TOC) export in relation to runoff (Billett et al. 2004), but allowed
for higher MAP infiltration and thus TOC export (including dissolved organic carbon [DOC] export) with
increasing WTD based on considerations of Holden
& Burt (2002); however, no erosion occurs at WTD > 0:
Erosion TOC = 4 WTD (1 – e (–Runoff/100))

(6)

2.4. Model sensitivity analysis
2.4.1. Climate-related parameters
In order to investigate model sensitivity to climate,
we altered the range of MAT and MAP over a 200 yr
period (from 2000 to 2200) after a 10k yr spin-up using
the ORNL climate data. We adjusted MAT by + 2°C
and + 4°C individually and in combination with MAP
by ± 25%; these changes capture the expected range
of climate change for the UK and reflect the likely
uncertainty in the MAP scenarios.
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although the NA climate showed fairly stable conditions 3k yr after peat initiation, the peaks and troughs
were much more pronounced in the ORNL data (relying on interpretation of the ORNL information) and
showed several longer periods of either very warm and
moist (4.5k to 5.5k yr), warm and moist (1.0k to 2.0k yr),
warm and dry (5.5k to 6.5k yr), cool and moist (3.5k to
4.0k & 7.0k to 8.0k yr), or cool and dry (9.0k to 9.5k yr)
periods (Fig. 3). Neither dataset included finer interannual variation. For example, the variation in the
present-day MetOffice data (adjusted for elevation
bias) showed the same ranges in MAT and MAP seen
over the entire Holocene period. Consequently, WTDs
(Fig. 3B) using those climate data did not vary much,
and until 1931 showed mean WTDs of 7.1 ± 0.0, 6.7 ±
1.2 and 6.3 ± 2.3 cm for constant, NA and ORNL climates, respectively. From 1995 to 2005 (Fig. 3B, inset),
the mean WTD of 7.6 ± 8.6 cm was in good agreement
with the observed contemporary mean WTD of the
ECN site (4.8 ± 2.7 cm), which was improved further by
using ECN station climate data (5.4 ± 6.0 cm); annual
WTD values were very similar between modelled and
observed scenarios (Fig. 3B, inset).

2.4.2. Plant-related parameters
The plant parameter sensitivity analysis focused on
root to shoot NPP litter allocation, rooting depth, litter
quality and decomposition rates. Default values (see
Sections 2.3.3 & 2.3.4 and Table 2) were changed by
±10, ± 20 and ± 40% over the entire 10k yr ORNL spinup period. All vegetation type parameters/equations
were equally affected and, for litter quality, reflected
an increase/decrease in the lignin fraction, allocated
equally to soluble and hemicellulose fractions.

2.4.3. Soil-related parameters
Soil parameter sensitivity investigated BD, runoff
and the oxic:anoxic ratio. Default values (see Sections 2.3.2 to 2.3.5 and Table 2) were changed by ±10,
± 20 and ± 40% over the entire 10k yr ORNL spin-up
period apart from runoff, which was changed by ± 2.5,
± 5 and ±10% (otherwise resulting in extreme WTD
values).

3. RESULTS
3.1. Holocene climate and water table depth
The 2 reconstructed variable climates showed only
limited differences and followed the same trend of
initially increasing MAT and MAP (Fig. 3A). However,

3.2. Blanket peat carbon accumulation during the
Holocene
Differences in final peat accumulation derived
through various reconstructed Holocene climates were
minor (Fig. 3C) and reflected the small differences in
the actual annual climate and WTD through time,
yet, overall, faster accumulation was seen in both variable cases compared to the case of constant climate
(Fig. 3A,B). The ORNL dataset, with the largest variation in mean annual climate, only showed about 5 kg C
m–2 higher total C accumulation (135 kg C m–2) than
the constant climate (Fig. 3C), similar to reported site
measurements of around 125 kg C m–2 (Garnett
unpubl. data). The ORNL run also revealed peat accumulation phases of 3 distinctly faster periods (1.0k to
2.0k, 3.5k to 4.0k and 7.0k to 8.0k yr) after peat initiation under very moist conditions, and 3 slower ones
under very warm and moist (4.5k to 5.5k yr) or dry
(5.5k to 6.5k and 9.0k to 9.5k yr) conditions. Overall
average Holocene peat accumulation rates were 13.6 g
C m–2 yr–1 or 0.025 cm yr–1, similar to values reported
by Yu et al. (2001b). Limited differences in peat accumulation were reflected in very similar NPP rates over
time (Fig. 3C), which ranged between 380 and 520 g C
m–2 yr–1. However, there were 2 distinct periods at
around 4k and 7k yr of several hundred years of
increased peat growth (Fig. 3C), which coincided with
periods of climatic change (Fig. 3A) resulting in higher
WTD (Fig. 3B).
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Predictions of Holocene carbon accumulation
rates ranged between 0 and 100 g C yr–1 (Fig. 4),
with a mean (± SD) of 13 ± 11 versus 15 ± 18 g C
yr–1, for constant versus variable climate, respectively. The peat cohort age profiles (Fig. 4)
initially showed a sharp age increase with increasing cohort depth until around 150 cm
depth, increasing more slowly thereafter to a total age of 10k yr, which is in agreement with radiocarbon-dated site data (Garnett 1998). The
total peat column age showed a similar depth–
age relationship, and the average peat column
age after 10k yr was 3k yr. In both cases, excluding root litter inputs resulted in slightly less peat
accumulation (~30 cm) and greater cohort and
column age per equivalent depth for peat
depths > 50 cm.
More recent real climate variations (1931 to
2005) using ECN and MetOffice site climate
records (see Fig. 5) showed that higher WTD
(positive values) corresponded to lower CH4
(mean of ~5, max. of 28 mol yr–1), but greater
CO2 (mean of ~30, max. of 54 mol yr–1) decomposition fluxes (Fig. 5A) and a lower net C budget (mean ± SD accumulation of –15 ± 148 g C
yr–1, ranging between –272 and 344 g C yr–1),
corresponding to peat depth increments during this period of approximately –0.5 cm yr–1.
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Fig. 3. (A) The 3 reconstructed Holocene climate datasets (MAT and MAP: mean
annual air temperature and precipitation, respectively) for Moor House National
Nature Reserve (either based on constant [CONST] present [1931 to 2005] MetOffice, North American [NA], or European [ORNL] data). (B) Water table depth
(WTD; negative numbers reflect standing water within the 10 cm of surface
moss/root layer) for each climate run; the model runs for 1995 to 2005 (inset) are
also shown, using either the MetOffice (MO) climate data (WTD_PDM_MO) or the
Environmental Change Network (ECN) climate data (WTD_PDM_ECN) and the
ECN WTD site observation data (WTD_ECN; circles). PDM: MILLENIA peat development model. (C) MILLENNIA peat cohort model predictions of net primary
productivity (NPP) and soil organic carbon (SOC) accumulation during the
Holocene, corresponding to either a constant mean annual average (MetOffice
data from 1931 to 2005) or the 2 reconstructed Holocene climate datasets

3.4. Estimated blanket peat carbon budget at
Moor House, considering terrain
Based on DEM GIS data (not shown) we
grouped pixels into ranges of slope (0–5°,
5–10°, 10–25°) and aspect (90°), and the model
runs for these combinations showed a considerable reduction in peat depth and SOC stocks
with increasing slope, but less so for southwest-facing aspects (Table 3). The predicted
values and decreasing trends compared well
with an unpublished survey conducted by
Garnett (Table 3). However, SOC stocks were
greater and increasing slope reduced SOC
stocks (~60 vs. ~100 kg m–2) and peat depth
(~100 vs. ~170 cm) less (when not considering
erosion) for model data than for site data.
Including erosion, SOC stocks were very
similar to observed data, although the initial
decline in SOC and peat depth with slope and
southerly or westerly aspect was less pronounced.
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3.5. Predicted future peat carbon accumulation and
fluxes
Simple future climate scenarios (imposed from the
year 2000 over 200 yr) altered SOC stocks and C-fluxes
significantly, the least under a 2°C temperature increase and the most under the warmest and driest
scenario (Fig. 6). Overall, a 2°C higher MAT with
increased MAP increased SOC stocks by about 5 kg C
m–2, but less so with a 4°C rise over 200 yr (Fig. 6A).
Correspondingly, soil decomposition fluxes as CO2
increased while CH4 decreased slightly, but more so in
the + 4°C scenarios, corresponding to slightly lower
WTD (Fig. 6A); CH4 fluxes only increased under the
wetter and less warm scenario, which was also the only
scenario with a rise in WTD. The greatest effect was
observed for the + 4°C MAT and –25% MAP scenario,
in which the mean SOC continually declined nearly
15 kg C m–2 over 200 yr, corresponding to a sharp
decline in WTD to around 25 cm and resulting in Cfluxes of up to 50 mol m–2 yr–1 for CO2 and no CH4
fluxes.

Plant parameter analysis (Fig. 7) revealed minimal
effects on SOC and peat depth (Fig. 7A) or on C-fluxes
(Fig. 7B) by changing root versus shoot litter inputs
or by altering rooting depth; however, better or
worse litter quality (i.e. worse meaning greater lignin
content) SOC and peat depth, respectively, in comparison to the default value model run. Accordingly, faster
or slower decomposition rates decreased or increased
SOC and peat depth, respectively. Changing litter
quality or decomposition rates by 40% had a similar
effect and halved or doubled SOC stocks and peat
depth, respectively. The greatest effect on CO2 and
CH4 fluxes was observed when litter quality or decomposition rates were altered, whereby slower decomposition led to larger CH4 but lower CO2 fluxes (Fig. 7B).
Changing soil parameters (Fig. 8) revealed BD and
runoff to be the most sensitive parameters. Although
decreasing BD by 40% doubled SOC and peat depth,
increasing runoff by 10% led to an almost 6-fold
decrease in SOC and peat depth, with significant
changes in CO2 and CH4 fluxes (i.e. due to corresponding WTD changes).

3.6. Sensitivity analysis of the MILLENNIA PDM

4. DISCUSSION

Climate sensitivity analysis was restricted only to
changes in increased MAT, with or without a slight
reduction or increase in MAP (Fig. 6), and revealed
MAP to be the most important factor, which was consistent with expectations, especially with increasing
MAT, which led to decreasing WTD and considerable
SOC losses over 200 yr (see Section 3.5).

4.1. Holocene climate model spin-up and water table
The most significant factors in long-term peat accumulation were time and MAP, determining WTD,
decomposition and litter quality and distribution
through changes in PFTs. However, although short
spin-up times are known to limit realistic peat accumu-

280

240

60
160
40
120
20
80
0

40

0
10000

–20
8000

6000

4000

Time (yr) [0 = today]

2000

0

C increment (gC yr –1)

80

200

Peat depth (cm)

Fig. 4. MILLENNIA peat cohort model predictions of peat
depth versus peat cohort
(brown lines) and total peat
column (orange lines) age
profiles over 10k yr using variable reconstructed Holocene
climate (ORNL, see Fig. 3), either allocating net primary
productivity to both root and
shoot litter (solid lines), or only
to shoot litter (broken lines),
preventing additional carbon
input into deeper (older) peat
cohorts due to root growth.
Model-predicted annual C increments (black line; with root
litter inputs only) with an average of 15 g C yr–1 and site radiocarbon peat profile data
(Garnett 1998) are also shown
(red diamonds)
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Fig. 5. MILLENNIA peat cohort model predictions showing annual outputs from the individual long-term annual climate data for
the period from 1931 to 2005 (MetOffice data; equivalent to Years 9925 to 10000 after peat initiation) for the Moor House ECN site
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and soil decomposition C-fluxes as CO2 (red diamonds) and CH4 (yellow diamonds). (B) The peat depth increments (red triangles)
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lation (Wania et al. 2009b), contrary to H1, a constant
Holocene climate did not significantly alter the final
total C accumulation over 10k yr compared to a variable climate (Fig. 3C), but did alter C accumulation
rates (Fig. 4) and SOM quality (‘proportional bins’) in
each cohort due to PFTs and, consequently, litter quality input (not shown). Changing MAT had relatively
little impact on Holocene WTD (Fig. 3B), but affected

NPP (Fig. 3C). However, very high MAT limited the
MAP effect, particularly during a wet period around
4.5 to 5.5k years ago. One reason might be the overall
very high MAP at the site. Notably, the variation in
Holocene climate (Fig. 3A) by ~3°C MAT and ~300 mm
MAP resulted in only small changes in final peat accumulation over time (Fig. 3C), similar to other UK
upland peat data (Tallis 1991). This indicates that in
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Table 3. GIS-based model predictions of soil organic carbon (SOC) stocks and peat depth based on selected combinations of slope
(0 to 5°, 5 to 10°, 10 to 25°), aspect (0[N]], 90[E], 270[W], 180[S]), and elevation (all 500 to 700 m) for the Moor House National
Nature Reserve site. Model predictions used the Oak Ridge National Laboratory reconstructed Holocene climate data and
represent the mean value for elevation and slope range per aspect; values include SOC export (erosion and DOC), whereas those
values in italics do not. As a comparison, mean ‘real’ site SOC and peat depth are provided for the same ranges (with SD provided
if available, but mostly based only on 1 to 3 peat cores per average) based on unpublished survey data (M. H. Garnett) in the
Moor House area. (–) No data
Terrain information
Slope (°)
Aspect

SOC (kg C m–2)
Model predictions
Site measurement

0–5
0–5
0–5
0–5
5–10
5–10
5–10
5–10
10–25
10–25
10–25
10–25

152.24
150.10
148.23
145.74
148.91
142.69
134.00
124.62
110.00
87.90
53.08
24.45

N
E
W
S
N
E
W
S
N
E
W
S

170.90
170.70
170.60
169.93
165.90
164.81
162.15
158.22
135.06
125.69
112.73
103.97

124.57 ± 12.170
95.69 ± 22.45
–
66.77
94.20 ± 23.78
81.27 ± 32.05
45.80 ± 6.850
43.82 ± 5.170
81.49 ± 41.75
71.98 ± 24.64
–
29.40 ± 21.22

the UK, although climate variability was important
during peat growth stages, it was not important longterm, also shown by a near-linear relationship between
peat depth and initiation time (Tallis 1991), which can
be linked to peat buffering WTD alterations due to
precipitation changes as shown in the fairly constant
WTDs (Fig. 3B). Modelled peat accumulation using the
ORNL data showed significant periods of either faster
or slower accumulation rates (Fig. 3B), which could be
linked to distinct climatic periods (Fig. 3A), with higher
rates in wet and slower rates in dry periods. Interestingly, the 2 most rapid accumulation periods after peat
initiation (~3.5k and ~6.5k yr) were similar to those
observed at a Canadian site (see Fig. 2 in Chimner et
al. 2002) and those reported by Yu et al. (2003).
Notably, similar Holocene climate and PFT changes for
NA and Europe have been suggested (Gajewski et al.
2006). Nevertheless, improved Holocene climate reconstructions of MAT and MAP are needed for a more
realistic model spin-up, leading to realistic long-term,
dynamic and field-comparable C accumulation. Particularly, capturing the onset of peat initiation during the
warmer and wetter period across the UK around
~9k years ago (Tallis 1991) is important; however, see
Section 4.2 for potential underestimation of 14C SOC
and peat age estimations.
The model captured WTD fluctuations during the
validation period (1995 to 2005) very well, yet showed
noticeably lower WTD compared to the ECN site data
for 1997 and 2005 (Fig. 3B, inset), years of incomplete
ECN records for either MAP or WTD data, respectively. However, monthly WTD is known to fall well
below 20 cm during dry periods (Evans et al. 1999,

Peat depth (cm)
Model prediction
Site measurement
275.52
272.23
268.66
264.27
269.89
258.94
243.56
227.03
201.44
162.41
101.15
43.36

308.35
308.08
307.92
306.73
299.79
297.77
293.00
286.01
245.50
228.80
205.86
190.31

231.75 ± 21.31
207.86 ± 35.67
–
151.00 ± –.–0
175.50 ± 30.41
164.67 ± 65.45
58.75 ± 9.91
76.67 ± 13.80
151.00 ± 65.05
150.67 ± 38.89
–
65.50 ± 57.28

Ward et al. 2007). Importantly, for future model validation work, past site WTD could be reconstructed using
testate amoeba for WTD and wetness reconstructions
(e.g. Charman & Hendon 2000).

4.2. Peat C accumulation and comparison to site
measurements
The MILLENNIA PDM builds up SOC stocks and
peat depths (Table 3) and Holocene peat accumulation
rates (Fig. 4) comparable to measured profiles for Moor
House NNR, purely based on climate without a pre-set
SOC, peat depth, or WTD (unlike most other models).
According to Garnett (1998), average peat depth based
on 3 cores is 231.75 ± 21.31 cm (see Table 3) and mean
annual Holocene C increment estimates are 27 g C
yr–1, ranging between 5 and 100 g C yr–1, values very
similar to our model predictions. Moreover, the final
modelled period (1931 to 2005) showed mean NPP
rates of 447 ± 27 g C m–2 yr–1; although slightly higher
than those reported by Garnett (1998), field data are
known to underestimate below-ground (root) NPP.
Overall model performance was confirmed by site 14Cage profiles (Fig. 4). However, contamination is an
issue in the routine 14C analysis of bulk peat samples of
deeper cohort ages due either to more recent C input
through roots or vertical C movement with water or
microbes, although we showed the root effect to be
small (Fig. 4). However, using plant macrofossils or
even more sophisticated 14C aliphatic hydrocarbon
analysis (Huang et al. 1999) can potentially overcome
such 14C-age contamination issues with depth, as it
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decomposition studies have been based
on mineral soils. Further, in accordance
70
with H2, the inclusion of root inputs sig150
nificantly altered peat accumulation
60
and column predictions (Fig. 4), justi140
50
fying the need for more data on root
distribution and NPP inputs in these
40
130
systems. Root litter directly adds C to
cohorts below the surface layer (Fig. 2)
30
120
and also below the WTD line, which
20
consequently spends less time in the
110
acrotelm, leading to more peat accumu10
lation, although the magnitude of this
0
increase was less than expected. The
100
2000
2050
2100
2150
2200
addition of fresh root litter into a model
cohort causes a noticeable increase in
50
B 25
the overall decomposability of a cohort
due to changes in the ‘proportional
20
40
bins’. Further, PMT of CH4 via roots is
determined by rooting depth, allowing
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30
bypassing of the natural oxidation potential of the acrotelm. Nonetheless,
10
20
model predictions of C-fluxes (Fig. 5)
for both CO2 (~ 35 mol m–2 yr–1) and
–2
–1
CH
5
10
4 (~ 5 mol m yr ) were in the range
reported for the site (~5 mol m–2 yr–1;
Worrall et al. 2003, Ward et al. 2007)
0
0
and for the northern peatlands (~5 to
2000
2050
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Year
10 mol m–2 yr–1; Laine et al. 2007). Yet
hardly any data are available to comFig. 6. MILLENNIA climate sensitivity analysis with peat cohort model predictions using MetOffice climate data at the Moor House ECN weather station
pare model predictions of CO2-fluxes
site for a model spin-up and 3 future climate scenarios (from 2000) based on
from decomposition only (e.g. Kelly et
likely target assumptions of linear changes in annual mean temperature (+ 2 or
al. 1997); firstly, because field CO2 data
+ 4°C) and additional change in precipitation (± 25% mm) by 2200; dark versus
nearly always include root-derived
light colours indicate precipitation increase versus decrease, respectively, and
respiration, whilst SOM models only
broken versus solid lines indicate lower versus higher temperature, respectively. (A) Water table depth (WTD; blue) and soil organic carbon (SOC) stocks
predict C-fluxes from decomposition,
(brown) and the corresponding results for the 2 temperature-only scenarios
and, secondly, because field CO2 mea+ 2°C (broken line) or + 4°C (solid line) for WTD (light grey) and SOC (dark
surements are often taken on vegetagrey). (B) Soil decomposition CH4 (yellow) and CO2 (red) fluxes and the cortion-free plots, not including (a mostly
responding fluxes for the 2 temperature-only scenarios + 2°C (broken line)
or + 4°C (solid line) for CO2 (light grey) and CH4 (dark grey)
unknown) CH4 PMT transport. Ideally,
this model would be tested at sites
offering all those validation data, but so
refers to litter fall age, free from fresh root and water
far only insufficient data are available on root distribusoluble C contamination (Bol et al. 1999).
tion, decomposition rates and PMT, making further
research urgent.
An important advantage of the cohort, and thus SOC
4.3. C turnover, root litter and C fluxes
age-profile, information including fresh root inputs, is
the ability to derive a 14C-SOC cohort age and subseSurface decay rates were important factors deterquently 14C-fluxes. This enables field validation of C
mining eventual peat height and mass accumulation,
accumulation, as shown here, and, potentially, could
with even smaller changes in these rates resulting in a
relate isotopic signature to soil formation (Bol et al.
disproportionate change in peat accumulation, which
1999) and to soil priming and PMT of peat decomposiis particularly important when WTD drops due to, for
tion C-fluxes (Garnett & Hardie 2009, Hardie et al.
example, slope (Table 3). However, little is known
2009). Yet, the available 14C peat profile data focus
about surface litter turnover in peatlands, as most litter
mostly on the top peat layers (Fig. 4). We have, thus,

WTD (cm)

SOC (kg C m –2 )

CH4 flux (mol m–2 yr –1 )

CO2 flux (mol m–2 yr –1)
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Fig. 7. Input plant parameter sensitivity analysis of the MILLENNIA model during the Holocene (10k yr) spin-up. Parameters
investigated were root versus shoot net primary productivity litter allocation (R/S), rooting depth (RD), litter quality (LQ) and
decomposition rates (DR); default values (see ‘Sections 2.3.3 and 2.3.4’ and Table 2) were changed by ±10, ± 20 and ± 40% over
the entire period. All vegetation type parameters/equations were equally affected, and for litter quality +/– reflected an increase/
decrease in the lignin fraction, allocated equally to soluble and hemicellulose fractions. Model outputs for the final year compared
to the default scenario (i.e. no change) for: (A) soil carbon (black) and peat depth (white) and (B) soil decomposition fluxes as
CO2 (dark grey) and CH4 (light grey) are shown

shown the advantage of building-up realistic peat
depths and dynamic SOC cohort layers: (1) to include
decomposition C-fluxes from deep peat layers (important for total CH4 and CO2 emissions) and (2) to allow
dynamic long-term feedbacks between peat depth and
hydrology (WTD changes).

4.4. Peat C budget and terrain effects
In agreement with H3, current peat growth has
reached a plateau (Fig. 3C), and, using recent (1931 to
2005) climate data (Fig. 5), the model even indicated a
small net C budget loss of about –15 ± 148 (SD) g C yr–1,
with a noticeable decline since the 1960s. The overall
C budgets ranged between –272 and + 344 g C yr–1.

Using a digital elevation model (DEM) for 1 km2
around the Moor House ECN meteorological station
site, we ran the model for a representative range of
slopes (affecting runoff and MAT) and aspects (affecting MAT), which showed negative correlations of slope
with both peat depth and SOC stocks (Table 3). Interestingly, the SOC stocks and observed peat depths
were very similar to field observations (M. H. Garnett
unpubl. data), albeit only when including erosion
through runoff linked to WTD changes. Erosion (including DOC export) led to around 10 to 50 g C m–2
yr–1 SOC loss, comparable to the results of Billett et al.
(2004). However, our model does not include erosion
effects through wind or frost. Moreover, we did not
consider any run-on effects or topography changes
with peat growth; ideally the bedrock topography
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Fig. 8. Input soil parameter sensitivity analysis of the MILENNIA model during the Holocene (10k yr) spin-up. Parameters
investigated were bulk density (BD), runoff (RO) and the oxic:anoxic ratio (OA); default values (see Sections 2.3.2 to 2.3.5 and
Table 2) were changed by ±10, ± 20 and ± 40% over the entire period apart from runoff, which was changed by ± 2.5, ± 5 and
±10%. Model outputs for the final year compared to the default scenario (i.e. no change) for: (A) soil carbon (black) and peat
depth (grey) and (B) soil decomposition fluxes as CO2 (dark grey) and CH4 (light grey)

slope would be used to drive the model, as surface topography changes with peat growth. The use of groundpenetrating radar might prove useful in achieving this
(Holden et al. 2002).

4.5. Future climate scenarios and peat C dynamics
Future climate scenarios (Fig. 6) showed climate
vulnerability of current peat SOC stocks as proposed
in H4; predicted small C gains under warmer and
wetter conditions (due to increased NPP) versus considerable C loss in warmer and drier climates over
200 yr, with WTD determining the direction of
C-stock and C-flux (i.e. CH4) changes (cf. Frolking et
al. 2001). However, Frolking et al. (2001) did not use
a variable past climate or dynamic WTDs (i.e. no

hydrology model); therefore, they could not test for
realistic model sensitivity to climate and WTD (i.e.
including PFT and NPP changes). Consequently, as
proposed in H5, particularly for peatlands, it is of
fundamental importance to consider variations in
MAP as well as MAT in future climate models of Cstock and C-flux changes. Importantly, the C-stocks
in peat columns reflect a SOM quality mixture, not a
time-rate-dependent (inert) C-pool (as, for example,
that assumed in the RothC model); thus, they are
susceptible to environmental change (i.e. WTD).
However, total C-losses were limited by the peat’s
hydrological resilience, although there is a large potential for CH4 production under greater WTD, a factor of marked importance when considering management strategies for peat restoration projects (Holden
et al. 2003, Baird et al. 2009).
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4.6. Sensitivity analysis
Apart from MAP (Fig. 6), the most important of the
factors considered here determining peat accumulation
(see Figs. 7 & 8) were runoff, affecting WTD; litter quality (i.e. lignin), affecting decomposition rates; and BD,
affecting WTD and consequently PFT, litter input and
decomposition rates and, thus, long-term Caccumulation (e.g. lower surface BD causes burial of litter/SOM below the WTD, and thus peat accumulation
occurs more quickly). Although increasing amounts of
peatland litter quality data have become available (e.g.
Moore et al. 2007), they often do not relate to model requirements (e.g. not adding up to 100%, no long-term
incubations, no proportional decomposition rates, e.g.
lignin). However, BD profiles are known to vary between regions, likely due to PFT-specific litter BD and
SOM compaction potential. Clearly more detailed sitespecific BD profile data from different peatland regions
are needed, as even slight changes in BD result in large
model effects on SOC stocks and peat depth (Fig. 8A).

4.7. Model limitations and future developments
4.7.1. MILLENNIA peat cohort model
Although our MILLENNIA PDM performed well
for our site (Figs. 4 & 5) and, importantly, accurately
predicted changes in total SOC stocks and peat depth
across a catchment area with variable slope and aspect
(Table 3), it only models peat (and not mineral or
organo-mineral soils) and relies on a simple hydrology
concept (point model), not including spatial water
flow. It could be improved by considering peat growth
effects and lateral water flow (see Belyea & Baird 2006).
It also does not include water chemistry (i.e. the redox
potential and pH). Furthermore, we still lack a robust
reconstruction of Holocene climate, as well as sitespecific NPP and litter quality; the parameters in Table 2
could certainly be further developed based on emerging literature. Moreover, wider application of the model
might require more complex soil temperature calculations, PFT response surfaces (e.g. temperature) and different PFT litter BDs to extend it to tropical or permafrost regions. The export of DOC is empirical and
does not consider temperature effects and interactions
with the nitrogen cycle are not represented; thus, no litter N-limitations on NPP can be modelled. We envisage
the addition of such structures to extend this model to
other sites and biomes, and a clear advantage of the
MILLENNIA PDM is its simple structure, allowing easy
addition of other modules. Another advantage is the
relation to measurable data inputs and the capability of
obtaining field depth–age validation data of litter qual-
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ity and SOM ‘proportional bin’ components and their
turnover rates, a constraint in conventional SOM pool
models (Feng 2009). Another prospect is to use the continuous-quality model approach for litter decomposition (Bosatta & Ågren 2003), including SOM quality
information from near-infrared spectra, for example.

4.7.2. Including MILLENNIA cohort concept into
other models
In light of our findings, we propose to combine this
cohort-based approach with other current mineral soil
concepts, such as the CENTURY model, which seems
suitable for peatland SOM turnover (Chimner et al.
2002). The aim would be to create a model continuum
of mineral to organo-mineral to peat, including soil
mixing. This would be aimed at overcoming some of
the current fundamental global model limitations of
not representing organic-rich and cohort-layered peat
soils with high dynamic WTDs and consequent CH4
fluxes. This effort will benefit from the scientific
knowledge on pedogenesis (e.g. Jenny 1941, Ponge
2003, Baumann et al. 2009), including mainly climate,
soil and litter pH effects on soil biota (key species)
and, consequently, on litter decomposition, leading to
organic-layer (e.g. humus) and, potentially, peat formation. Unlike existing model concepts, which propose static soil and hydrological properties, soil layers
would develop through time (in relation to ground
water or WTD), and, consequently, edaphic properties
would be represented dynamically via biological,
physical and chemical activity; such considerations
could eliminate the shortfalls highlighted by Trettin et
al. (2001) in 12 major models. For example, the BD (and
thus pore space and water holding capacity) would
vary as the organic and mineral fractions change over
time through SOM input and mixing (i.e. bioturbation
or cryoturbation); notably, for peat layers, there would
be no texture proportion included. Recently, there
have been attempts to include simple advective SOM
transport into SOM models (Jenkinson & Coleman
2008). This appears to be a promising way to achieve
litter and humus horizon representation in model
structures and, thus, inclusion of the universal role
of soil biota on C-stocks and turnover, as recognised by
Bardgett et al. (2009), which is reflected in humus
forms representing ecosystem strategies for nutrient
and C-cycling (Ponge 2003). Changing WTD dynamics
then affects the SOM decomposition pathways, potentially leading to peat formation and resulting C-fluxes
(i.e. CO2 and CH4). Anaerobic decomposition could be
based on calculated and field-measurable changes in
redox potential (Eh) as in the DeNitrification-DeComposition (DNDC) model (Zhang et al. 2002).
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5. CONCLUSIONS
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