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ABSTRACT

To assess the response of northern peatlands to hydrological changes, we analysed the response of a model designed to simulate
peatland development at a millennial timescale, the Holocene Peat Model, to two hydrological drivers. The study is performed on
two open ombrotrophic peatlands located in the James Bay region in North-eastern Canada. For both sites, two simulations were
realized: one based on a precipitation reconstruction from pollen data, used as input in the model, and a second using a water-
table depth reconstruction derived from testate amoebae to apply a forcing on the model. Simulated variations in carbon
accumulation rates (CARs) and vegetation composition were analysed against palaeoecological datasets.

In both sites and for the two hydrological drivers, modelling results in CARs showed periods of net carbon loss that coincided
with fluctuations in observed CARs, although net carbon loss cannot be traced in palaeoecological datasets per se. The
comparison between plant macrofossil records and simulated vegetation distributions highlighted differences between
precipitation and water-table depth-driven simulations. Thus, the methodology used was found useful to analyse the origin of
vegetation shifts in macrofossil datasets. Copyright © 2014 John Wiley & Sons, Ltd.
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INTRODUCTION

In northern peatlands, anoxic conditions limit decomposi-
tion and enable these ecosystems to store large amounts of
organic carbon as peat. The total amount of carbon stored
in northern peatlands is estimated at ca 500Gt C (Yu,
2012) although they cover about 3% of the world’s
terrestrial area (Charman, 2002). Peatlands have an impact
on the climate radiative forcing at a millennial timescale
(Frolking and Roulet, 2007) and are therefore of particular
interest for global carbon cycle studies.

On the millennial timescale, studying carbon accumula-
tion patterns of peatlands relies on the analysis of peat
composition and stratigraphy. Peat is composed of more or
less preserved plant assemblages recording past
ecohydrological changes (e.g. Tuittila et al, 2007).
Additionally, peatlands store fossils of testate amoeba
assemblages that may be used in quantitative reconstruc-
tions of peatland water-table level and pH conditions
(Mitchell et al., 2008) as well as other remnants that act as
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records of past local and regional conditions such as pollen and
charcoal (Viliranta et al., 2007). The analysis of peatlands can
support the understanding of variations in carbon dynamics
throughout the Holocene (Garneau et al., in press).

Net carbon accumulation is the balance between
production and decomposition. Both allogenic and auto-
genic processes can influence this balance. These complex
processes have been the focus of numerous modelling
efforts (Clymo, 1984; Hilbert et al., 2000; Frolking et al.,
2001; Belyea and Baird, 2006; Ise et al., 2008; Frolking
et al., 2010; Baird et al., 2012; Morris et al., 2012).
Moreover, peatland ecohydrology, which is mainly
influenced by regional climatic variations, local hydrolog-
ical changes and autogenic successions in the peatland,
involves different feedback processes that affect carbon
accumulation. Over the last years, several modelling
studies have aimed to take these processes into account
(Eppinga et al., 2009; Morris et al., 2011; Baird et al.,
2012; Morris et al., 2012).

The evaluation of the capacity of an ecosystem model to
capture the mechanisms and reproduce their outcomes in
realistic rates can be achieved by testing it against
measured data. This approach is still rather rarely
conducted in peat accumulation modelling because of the
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lack of complete datasets for the modelled period with
adequate temporal resolution. Peatland development covers
processes over a large variety of timescales that together
leave a record on their net outcome in peat deposits. Recent
development of quantitative palacoecological methods and
reconstruction of past environmental conditions (e.g. Seppd
et al., 2008; Charman et al., 2009; Birks and Sepp4, 2010;
Viliranta et al., 2012) as well as the availability of multi-
proxy data over a peatland history gives a novel
opportunity for model evaluation.

The Holocene Peat Model (HPM) is a dynamic model
simulating the transient evolution of a peatland since its
early stages (Frolking ef al., 2010). The aim of HPM is to
capture northern peatland behaviour in order to quantify
the amount of carbon sequestered in these ecosystems
during the Holocene. HPM has so far been evaluated
against site datasets (Mer Bleue Bog, Canada, Frolking
et al., 2010) and a chronosequence formed by several sites
in Finland (Tuittila et al, 2013). Moreover, sensitivity
analyses have been performed on the model (Quillet ef al.,
2013b; Quillet er al., 2013a) highlighting its performance
and limitations. These together identified water-balance
calculation as a limitation in HPM because it relies on
several parameters with large uncertainty, such as the
peatland outflows and the watershed inflows influencing
nutrient availability.

In this study, we aim to explore the manifold responses
of peatland to hydrological changes by analysing the
response of the HPM, namely carbon accumulation and
vegetation dynamics, to different hydrological drivers. The
settings are based on two palaecoecological proxies:
precipitation reconstruction from pollen data (Viau and
Gajewski, 2009) and water-table depth reconstruction
derived from testate amoebae (van Bellen er al., 2011b).
Simulation results are analysed against palacoecological
datasets of carbon accumulation rates (CARs) and plant
macrofossils from two ombrotrophic peatlands located in
North-eastern Canada. We hypothesize that the comparison
between a simulation driven by reconstructed precipitation
and a simulation forced with reconstructed water-table
depths will allow the exploration of the model response
variability in terms of carbon and vegetation dynamics
during the whole development of the peatlands since their
initiation. Moreover, this comparison is expected to help
disentangle the origin of this variability because the chosen
hydrological drivers respectively represent regional condi-
tions and local conditions accounting for both allogenic
regional signals and autogenic changes.

Former simulations with HPM were either performed
with constant precipitation series (Quillet et al., 2013b;
Quillet er al., 2013a) or with randomized precipitation
series (Frolking et al., 2010; Tuittila et al., 2013). The use
of a proxy as an input for precipitation in the model helps
constrain some of the uncertainty in the simulation. Unlike
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reconstructed precipitation based on pollen records, the use
of reconstructed water-table depths based on testate
amoeba assemblages allows the integration of both
allogenic and autogenic changes as they have been
recorded at the study site during the development of the
peatland. Comparing the two simulations is thus a great
opportunity to explore further the dynamics and interac-
tions occurring in the system at the millennial timescale.

Although forcing HPM with reconstructed water-table
depths entails the elimination of the feedback processes
between the peat and the water-table depth, the
reconstructed water-table depth values that are used in
the forcing are per se the result of the interactions between
vegetation, peat properties and hydrological conditions that
have varied over time. The results of the forcing
experiment are thus based on the results of the
ecohydrological interactions as they have been recorded
in the peat.

PALAEOECOLOGICAL ANALYSES

Sites

The palaeoecological data needed to perform this analysis
should be ideally taken from pristine peatlands showing
typical development stages and analysed against bulk
density, testate amoeba and plant macrofossil records. In
order to capture the regional variability, we chose two
peatlands located in the same region but showing two
different although typical development patterns.

The two ombrotrophic peatland complexes are located in
the Eastmain river watershed, boreal Québec, Canada. The
region is characterized by post-glacial environments and
comprises a gradient of ecosystems from closed-crown
boreal forest in the south to open boreal forest in the north-
east. The studied peatlands are located close to the recently
created Eastmain Reservoir (Figure 1). In this watershed,

Eastmain River

Watershed

Figure 1. Location of the two peatlands.
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peatlands are estimated to cover about 8% of the area
(Grenier et al. 2008).

The two sampled peatlands, Lac Le Caron (LLC)
peatland (52°17"15"N/75°50'21"W) and Mosaik (MOS)
peatland (51°58'55"N/75°24'06"W; Figure 1), are pristine
open ombrotrophic raised bogs, dominated by Sphagnum
and ericaceous shrubs. The development of these peatlands
followed the retreat of the Laurentide Ice Sheet ca 7500 cal
BP and took place through depression infilling and
paludification at a later stage (van Bellen et al., 2011a).
The current mean annual temperature for the region is
—2°C, and one third of the total annual precipitation (ca
0.74myear_1) falls as snow (Hutchinson et al., 2009).
LLC peatland developed in a depression edged by an
escarpment, and peat thickness reaches 5m in its deepest
part. At its centre, LLC presents an open area including a
few large pools and wet hollows and covers 2.24 km?. MOS
peatland developed on a relatively flat topographical basin.
Its deepest point is found around 3 m. Overall, the peatland
surface is much wetter than LL.C and is characterized by
a series of large pools and wet hollows in its central
area. MOS covers 2.67km?. A more detailed description
of both sites can be found in van Bellen ef al. (2011a).

Material collected and analyses

Ecohydrological reconstructions were obtained from cen-
tral cores located near the thickest section of each peatland
using a Jeglum (Box) corer for the first top metre and
below that a Russian corer down to the mineral soil. Dry
bulk density and organic carbon content were calculated
after drying and loss-on-ignition (LOI) of 1-cm® contigu-
ous subsamples. Plant macrofossil analyses and testate
amoeba analyses were performed at 4-cm resolution for
each core. The cores were dated with radiocarbon (12 dates
for LLC and 10 for MOS) and calibrated with the IntCal04
calibration curve (Reimer et al., 2004). The detailed
techniques of analysis and a comprehensive description
of the results are presented in van Bellen ef al. (2011b).

Water-table depth reconstruction

We applied testate amoeba for water-table depth
reconstruction. Testate amoebae are unicellular protists
characterized by both their species-specific sensitivity
to water-table depth and their resistance to decompo-
sition (Mitchell et al., 2008). Identifying amoebae from
a peat core allows quantitative reconstructions of the
past water-table depths by use of a transfer function
(Booth, 2008). The results of the transfer function
provide a reconstruction of the peatland water-table
depth since its early development. Water-table depths
have been reconstructed for LLC and MOS (van Bellen
et al., 2011b), with a mean squared error of +0.11 and
+0.09 m respectively (Figure 3b and c).

Copyright © 2014 John Wiley & Sons, Ltd.

THE FORCING EXERCISE
The HPM

The HPM includes feedbacks between vegetation, peat
properties, water-table depth and climate (Figure 2). The
model includes 12 plant functional types (PFTs, i.e. groups
of species, refer also to Laine ef al. (2012)) that together
form assemblages. Each PFT has its own relative net
primary productivity (NPP) and rate of decomposition and
responds in its own way to water-table variations and
nutrient status (Appendix Tables Al, AIl and AIIl). Further
details on the physical processes behind the model can be
found in Frolking et al. (2010).

Methods

To assess the response of the HPM to hydrological changes
and to explore the influence of water-table depth on carbon
accumulation and vegetation dynamics in the two boreal
peatlands, studied by van Bellen et al. (2011a, 2011b), we
took the following steps:

* HPM was calibrated to suit the local specificity of the
sites using data from van Bellen er al. (2011a);

* HPM was provided with reconstructed precipitation from
Viau and Gajewski (2009). One simulation per site was
performed;

* HPM was forced with reconstructed water-table depths
(van Bellen et al, 2011b); i.e. all components of the
water-balance calculation (e.g. precipitation, run-off and
evapotranspiration) are ignored, and reconstructed water-
table depth values replace the water-balance calculation
output in all other sections of the model. One simulation
per site was performed.

Calibration and initiation phase

The purpose of the calibration is to adjust the model to the
specificity of the site to be able to compare the simulation
results with datasets from the peat cores. In order to minimize
the impact of calibration on the dynamical processes of the
model, the calibration parameters were limited to the site-
specific parameters. These include region-specific parameters
such as precipitation, potential evapotranspiration and
potential NPP and site-specific parameters such as run-off,
bulk density characteristics and relative NPP values. The
calibration was performed with constant precipitation equal to
contemporary mean annual precipitation. Once the calibra-
tion is chosen for each site, this setting was used to perform
two simulations: one simulation with varying precipitation
derived from the pollen reconstructions and one simulation
with forced water-table depths derived from the testate
amoeba reconstructions.

Ecohydrol. (2014)
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Figure 2. Conceptual diagram of HPM. Dashed lines represent feedbacks.

The calibration method chosen here focused on the
reconstructed carbon accumulation and vegetation pat-
terns. Therefore, we calibrated HPM against the shape of
the bulk density curve of both peatlands that were
obtained from LOI analyses. Thus, the parameters driving
the shape of the bulk density curve, i.e. the parameters of
the error function describing the anoxia, were adjusted.
Because the factors driving the persistence of
minerotrophic conditions are not yet well understood,
parameters have to be estimated for each site. Nonetheless,
there are several millions of possible combinations of
calibration parameters because the model includes more than
a hundred parameters, each potentially taking different
values. The results of a sensitivity analysis performed on
HPM helped constrain the number of parameters affecting
carbon accumulation to a relatively small number (i.e. 26). In
order to tally with the sensitivity analysis, each parameter
value in this experiment lies within its range of plausible
natural variations defined in Quillet ef al. (2013a) and Quillet

Copyright © 2014 John Wiley & Sons, Ltd.

et al. (2013b). The site-specific parameters are in Table AIIl
of the Appendix.

Some model parameters are directly related to peatland
location and hence were estimated from available data.
Thus, several parameters were estimated for the region
such as annual precipitation (current value ca 0.74m
year ') (Hutchinson et al., 2009), annual potential
evapotranspiration (current value ca 0.4 myear ';
Canada Centre for Mapping and National Atlas
Information Service, 1974) and maximum potential
NPP estimated to ca 0.7kgm >year ' (Del Grosso
et al., 2008). With the exception of precipitation, the site-
specific parameter values are kept constant during the
simulation. In this study, the relative NPP of some PFTs
responds to some regional characteristics that differ from the
original setting used to simulate the Mer Bleue bog located at
a lower latitude (45.40°N) with a mean annual temperature of
6 °C (Frolking et al., 2010). Therefore, similarly to a Finnish
experiment (Tuittila er al, 2013) and because the mean

Ecohydrol. (2014)
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annual temperature at our sites is —2 °C, the relative NPP of
grasses, minerotrophic herbs and minerotrophic sedges has
been lowered. Other parameters are ‘peatland specific’ and
depend on both local peatland development and how the
peatland is influenced by its adjacent environment (e.g. basin
shape, nutrient input or hydrology). For the two bogs, we used
different simulation lengths based on their basal ages
(7562 years for LLC and 6984 years for MOS) and different
parameter values for minimum bulk density and maximum
bulk density increase (Appendix Table AIII). The two sites
present differences in peat thickness at their centre and also
different long-term carbon accumulation patterns influenced
by both allogenic and autogenic processes (Figure 4). LLC
has a concave accumulation curve; i.e. carbon accumulation
is rapid during the early development stages and slows down
thereafter, whereas carbon accumulation at MOS is nearly
linear with time. Carbon accumulation patterns at both sites
have been further analysed by van Bellen er al. (2011b). The
parameter controlling the decomposition rate of the anoxic
compartment, i.e. the length of the anoxia gradient, as well as
parameters controlling the shape of the NPP curve (Appendix
Table AIV) has a strong influence on carbon accumulation, and
they have been adjusted for both sites (Quillet et al., 2013b;
Quillet et al., 2013a.

In order to prevent the complete loss of the peat as a
result of precipitation variation within the first few
decades of a simulation and to develop sufficient peat
thickness to keep the water table within the peat for the
remainder of the simulation, each HPM simulation
begins with an initiation phase, during which peat builds
up until it reaches a certain thickness (Frolking et al.,
2010). HPM does not simulate the specific details of
peatland initiation but of peat accumulation subsequent
to this initialization once the site has achieved ‘peatland’
status (in this study, a 10-cm organic layer). Once the
‘peatland status’ is reached, the water balance and the
other feedbacks between the different processes are
activated for the rest of the simulation. During the initiation
phase, the water-table depth is kept constant (to insure that
peat accumulates) at a level of 0.07m below the surface
(Frolking et al., 2010). In this study, 0.1 m of peat thickness
was required to activate the dynamical processes and the
water-balance calculation. This 0.1 m can be compared with
the bottom section of the core, in which organic matter is
mixed with other sediments and cannot be considered as peat.
The peat produced during the initiation phase was thus not
included in the final results.

Addition of precipitation time series to the simulation
setting. For the purpose of representing past climatic
variations, HPM offers the possibility to create a random
series of mean annual precipitation derived from the
current climatic precipitation average. This allows the
simulation to be more realistic than constant precipitation

Copyright © 2014 John Wiley & Sons, Ltd.

but does not enhance the quality of the simulation in term
of its historical reconstruction at subreconstruction resolu-
tion. Moreover, the different evaluations of HPM have
shown that precipitation is, among all model parameters,
one of the most influential (Frolking et al., 2010; Quillet
et al., 2013b; Quillet et al., 2013a).

We thus used the Holocene precipitation reconstruction
for the boreal and low arctic regions of Canada from Viau
and Gajewski (2009). This reconstruction has been
achieved using multiple pollen diagrams and the modern
analogue technique. The obtained time series gives
precipitation anomalies (i.e. deviations from the present
average value) for northern Québec at centennial
resolution for the last 9000 years BP. It was applied to
both sites.

We built the reconstructed precipitation time series as
input in the model by adding the present annual
precipitation value (here 0.74 myear ') to these
anomalies (Figure 3a). Because it has been shown in
Frolking et al. (2010) that simulated accumulation rates
were sensitive to persistence in precipitation variability at
a centennial timescale rather than at an annual to decadal
timescale, no randomization was applied to the annual
precipitation series. The precipitation time series are thus
based on a linear interpolation of the 100-year
reconstruction values. The combination of this series with
the calibration settings completes the baseline simulation
frame of our two sites, which are hereafter named Pj ¢
and PMOS-

Water-table depth forcing. In order to highlight the role
of the water balance in the simulation results, we also
forced the model with water-table depth reconstructions
from testate-amoeba assemblages (van Bellen et al.,
2011b). The water-table depths have been interpolated
according to the age—depth profiles so that the series
have yearly resolution (Figure 3b and c). In these
simulations, we deactivated the different components of
HPM linked to the water-balance calculation so that
neither precipitation, nor evapotranspiration, nor run-off
and run-on influenced the results (Figure 2).
Reconstructed water-table depths from testate amoebae
thus replaced the water-table depth values calculated by
the water-balance module in the original version of the
model. These simulations are designated as Wy c and
Whos in the following sections.

RESULTS

Precipitation and water-table depth

Reconstructed precipitation based on the study from Viau
and Gajewski (2009) and used as input in the simulations is
presented in Figure 3a. This dataset does not present error

Ecohydrol. (2014)
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Figure 3. (a) Precipitation in the Eastmain watershed reconstructed from pollen data (Viau and Gajewski 2009). For (b) LLC and (c) MOS: water-table
reconstructions from testate amoebae (white solid line) with their standard errors (gray shade; van Bellen ez al. 2011b) and simulated water-table depths
from the simulation with reconstructed precipitation (black solid line). Water-table depths are positive down.

bars, although error might be important on reconstructed
precipitation. However, for the purpose of this study, trends
and variations in precipitation are needed, rather than actual
precipitation amounts. We thus argue that this dataset can
be used as an estimate for our study region during the
Holocene. Figure 3b and c respectively present
reconstructed water-table depths for LLC and MOS
peatlands derived from testate-amoeba analyses (van
Bellen et al, 2011b) along with simulated water-table
depths. The error for these reconstructions varies
depending on species composition and on the degree of
decomposition of the peat. The water-table depth and
precipitation time series are not expected to show similar
trends because precipitation reconstruction from pollen
data is a proxy for regional conditions, whereas water-table
depth reconstruction from testate amoebae is a proxy for
local conditions in peatlands, i.e. accounting for both
allogenic climatic influences and autogenic
ecohydrological feedbacks (Swindles et al., 2012). How-
ever, there were correspondences between them (e.g.
around 7000cal BP, where precipitation decreases and
water-table depths in both records tend to increase). Other
periods show dissimilar behaviour such as the period of
high precipitation around 3750 cal BP (Figure 3a) that was
not reflected in the water-table reconstructions (Figure 3b
and c). Comparison between the simulated water-table

Copyright © 2014 John Wiley & Sons, Ltd.

depths in the Py ¢ and Py;og simulations and reconstructed
water-table depths from testate amoebae (Figure 3b and c)
showed comparable ranges, amplitudes and also general
trends during the past 7000 years, suggesting that the
water-balance calculation of the model gives reasonable
results. Furthermore, these comparable trends point out the
response of testate amoebae to precipitation on a millennial
scale. On shorter timescales, however, some periods show
clear discrepancies between the curves, for example,
around 6000cal BP at MOS and between ca 2000 and
1000cal BP at both sites. During these periods, testate
amoebae may be responding to other signals, perhaps
linked to the fen—bog transition at MOS around 6000 cal
BP and to some changes in the regional climatic conditions
between 2000 and 1000cal BP, as identified in other
studies (Lamarre et al., 2012; van Bellen et al., 2013), or
the model may be misrepresenting climate impacts on
water-table dynamics.

Carbon accumulation

Accumulated carbon masses resulting from the simulation
including reconstructed precipitation and from the water-
table depth-forced simulation are presented in Figure 4. For
comparison, this figure also presents the accumulated
carbon obtained from the LOI analyses of peat cores.
Overall, carbon accumulation at LLC (Figure 4a) showed a

Ecohydrol. (2014)
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Figure 4. Accumulated carbon mass for (a) LLC and (b) MOS from loss-on-ignition results (black lines with 95% confidence interval in dashed lines),
simulations with reconstructed precipitation (solid light gray) and with water-table depth forcing (solid dark gray).

concave shape with two periods of higher accumulation
between 5500 and 4500cal BP and during the last
millennium, in the uppermost section of the core. Although
the model was calibrated on carbon accumulation (i.e. total
mass of carbon and basic shape of the carbon accumulation
curve), these phases were not reproduced in the simula-
tions, suggesting that they might be associated with other
environmental variables or to autogenic processes not
represented in HPM. Figure 5 allows the comparison of the
annual CARs in more detail. For simplification, these
results are identified as CARy ¢ and CARyos in the next
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carbon content of each cohort (i.e. simulated year) at the
end of the simulation on panels a and b and with the net
annual carbon balance on panels ¢ and d. On all four
panels, simulation results showed extremely high rates of
accumulation at the beginning of the simulations. These
values were probably artefacts of the initiation phase in
HPM, which is less constrained. During the first develop-
ment phase in LLC (Figure 5a and c), i.e. from ca 7500 to
5600 cal BP, both empirical data analyses and simulations
showed similar trends. However, between 5600 and
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Figure 5. Carbon accumulation rates from loss-on-ignition analyses compared with simulated final core carbon content with reconstructed precipitation
and with water-table depth forcing for (a) LLC and (b) MOS and with simulated net annual carbon balance with reconstructed precipitation and with
water-table depth forcing for (c) LLC and (d) MOS.
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2500 cal BP, simulations showed rather constant CARs,
and the carbon accumulation slowdown is only replicated
in the Wy simulation in panel a. Indeed, CARpc
presented large fluctuations during this period. Only the
water-table-forced simulation Wy ;¢ showed similar fluctua-
tions suggesting that the calculation of water balance in HPM
could not induce these variations in the Py j - simulation. For
the last 1000 simulation years, accumulated carbon followed
again a trend similar to the reconstructions (Figure 4a), and
similar fluctuation patterns of the net annual carbon balance
are observed for both Py | « and Wy ¢ (Figure 5c). However,
the simulated remaining carbon mass was much lower than
the observation during this period (Figure 5a). This suggests
that peat decomposition in the acrotelm might be
overestimated in the model simulations.

The shape of the MOS cumulated carbon curve
(Figure 4b) was very different from the LLC one because
carbon accumulated almost linearly over time during the
development of this peatland. Still, several periods of slight
slowdown between 5500 and 4800cal BP and between
1900 and 400 cal BP and a short period of faster carbon
accumulation around 2000cal BP were observed. The
simulated accumulated carbon curves, on the contrary,
presented many fluctuations between 7000 and 4000 cal BP
indicating that the simulated initial phase of development
was not representative of the original reconstructed
conditions on the site. Indeed, CARs for MOS were low
and relatively stable between 7000 cal BP and 5600 cal BP,
whereas Pyjo5 and Wyos net annual carbon-balance values
varied much during the same period (Figure 5d). The short
phase identified around 2000 cal BP and characterized by
high CAR was poorly reproduced in the simulations. At the
top of the MOS core (i.e. during the past 500 years AD),
CAR fluctuated again. Similarly to the LLC results, these
variations were reproduced in the net annual carbon
balance from the Wyog simulation (Figure 5d).

Periods during which decomposition exceeded pro-
duction resulting in a net loss of carbon can only be
identified in the simulation results; losses through
decomposition leave no trace in the cores. However,
long periods of net carbon loss result in lower CAR as
quantified from peat cores. Unfortunately, if CARs
fluctuate rapidly (interannual to decadal fluctuations),
LOI analyses result in low apparent CARs rather than
fluctuations because of the low time resolution of the
analyses. Prjc and Pyps simulations presented large
periods of carbon loss: e.g. between 2000 and 1000 cal
BP for LLC and between 5800 and 5200cal BP for
MOS (Figure 4). CARs in Figure 5c¢ and d suggested
several shorter carbon loss periods. In LLC (Figure 5c),
several severe decreases in CAR; | were characterized
by a loss of carbon in the simulations. This was the case
at ca 7000cal BP for both Py ;- and Wy and at ca
5300, ca 2800 and ca 800cal BP for Wy . The Py c

Copyright © 2014 John Wiley & Sons, Ltd.

simulation generated other carbon loss events between
2000 and 500 cal BP, which coincided with fluctuations
in CARy c. Interestingly, around 5400 cal BP, there was
a drastic increase in CARy ¢, which was linked to high
bulk density and translating into a drastic carbon loss in
the Wy c simulation. This suggests that the higher bulk
density during this period could be associated with a
carbon loss. A decrease appeared in CARy ps around the
same period, and important carbon losses were simulat-
ed in both Pyos and Wy0s. HPM’s configuration for
MOS might thus have been less resilient than for LLC
simulations, even when the same precipitation recon-
structions were used.

For MOS, simulated CARs showed a greater carbon
loss frequency (Figure 5d). The Wjyos simulation
showed carbon loss during periods where fluctuations
were observed in CARyos (e.g. at ca 6400 and 100 cal
BP). Nevertheless, Pyos records important carbon
losses at ca 3600 and 3100cal BP that match with
CARp0s but are less severe in the Wyos simulation.
Around 2500cal BP, the loss of carbon in the Wyog
simulation coincided with a large increase in CARy0s-
Wwmos followed here a water-table dropdown imposed
by the water-table reconstruction. However, the
processes that drove carbon accumulation at MOS
during this period were obviously different from the
ones included in the model. This could hypothetically
be related to a strong and/or periodic influence of run-
on and associated increase in nutrient input at the site
that cannot be taken into account in the model because
it considers that nutrient availability gradually vanishes
with peat thickness.

Vegetation distribution

Plant macrofossils offer another independent dataset that
can enhance our system comprehension. A condensed
version of the plant macrofossil diagrams is presented in
Figures 6a and 7a for LLC and MOS respectively.
Detailed plant macrofossil analyses can be found in van
Bellen ef al. (2011b). Here, the chosen vegetation classes
aim at matching the different PFTs of the model for the
sake of comparison. Therefore, when macrofossil
identification was not sufficiently specific, PFTs were merged.
Nevertheless, simulation results in Figures 6 and 7 highlight a
strong resilience of PFTs relative to the macrofossil diagrams.
For example, although feather mosses occur sporadically and
with small percentages in the macrofossil diagrams, they are
overrepresented in the simulations.

In LLC (Figure 6a), the fen phase was dominated by a
combination of Cyperaceaec and ligneous species that
followed peatland initiation with an abundance of brown
mosses. This fen phase lasted less than 400 years. At ca
7200 cal BP, the very sharp fen to bog transition was
completed, and Sphagnum species (mainly section
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Acutifolia) dominated the profile. In general, Sphagnum
section Acutifolia remained dominant through time,
although wetter Sphagnum species along with Cyperaceae

occurred episodically.

Copyright © 2014 John Wiley & Sons, Ltd.

In MOS (Figure 7a), the fen phase was largely dominated
by Cyperaceae and lasted more than 1500 years. The fen to
bog transition was gradual until Sphagnum section Acutifolia
finally dominated the profile around 4700 cal BP. Contrasting
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with the general stability of the LLC sequence, the MOS
profile showed a periodic changeover of wet and dry plant
assemblages, representative of the responsiveness to hydro-
logical changes of this site.

The Py ¢ and Wy ¢ simulation results (Figure 6b and c)
start with a peatland initiation phase dominated by herbs
and sedges rather than brown mosses. The simulated fen to
bog transition was very gradual and not representative of
the observed stepwise development at LLC. In the later
phases, the vegetation was composed of both lawn and
hummock Sphagnum species, which include Sphagnum
section Sphagnum that are relatively less important in the
LLC macrofossil record (Figure 6a). In general, the simulated
vegetation was rather hydrophilous, and the xerophilous
species (such as ligneous plants) were more resistant to
changes than the macrofossil dataset would suggest.
However, the general vegetation distribution pattern was
well reproduced.

Looking in more detail at the vegetation sequence,
some differences between Pyjc and Wpjc could be
detected. In the Wy simulation, hollow Sphagnum
increased between 5200 and 4500cal BP suggesting
wetter conditions. However, no important change in
vegetation occurred in the Py ¢ simulation or in the plant
macrofossils. This suggests once again the important
resilience of Sphagnum section Acutifolia species to
changes in water-table depth, which is captured well in
the model. On the other hand, at ca 5800, around 2500,
and 1500 cal BP, the Wy ¢ simulation captured the wet
phases detected in the macrofossil assemblages, while
P11 c only recorded a very wet phase between 2000 and
1000 cal BP. The wetter phases at ca 4000 and 500 cal BP
were better represented in the Py simulation than in the
Wi Lc simulation.

Similarly to the LLC results, the initiation phase in
the Pyios and Wy s simulations showed a dominance
of herbs and sedges. In the Wy s simulation,
hydrophilous mosses occurred at levels where brown
mosses were found in the macrofossils records.
However, their abundance was exaggerated in the
simulation, on the contrary to LLC results. During the
bog phase (since ca 5500 cal BP), the alternation of wet
and dry phases was represented by smooth variations in
the Acutifolia versus Sphagnum sections in the plant
assemblage. In both simulations, variations affected
hollow Sphagnum and occasionally hydrophilous
mosses. The simulated vegetation for the MOS site
was strongly resilient to changes.

In the Pyos simulation, the appearance of hollow
Sphagnum was in agreement with the macrofossil assem-
blages at 3300 and 2500cal BP and matches also with
several periods where Sphagnum section Sphagnum
arise in the profile (e.g. around 3700 and between 1800
and 1300cal BP). In the Wyps simulation, the small

Copyright © 2014 John Wiley & Sons, Ltd.

increases in the abundance of hollow Sphagnum and
hydrophilous mosses also coincided with wetter periods
in the macrofossil dataset (e.g. around 4700, between
3000 and 3500 and at ca 400 cal BP and at the top of the
core). Here again, although some humid or wet phases were
recorded simultaneously between 3900 and 2500cal BP,
Pymos and Wy o5 showed many asynchronous features along
the profile.

DISCUSSION

Our results showed that, when calibration is carefully
performed, peatland development is reasonably reproduced
by HPM. The water-balance calculation of HPM delivered
a water-table depth in agreement with the testate-amoeba
reconstructions, and CARs showed ranges comparable with
those resulting from the LOI analyses. Variations in the
macrofossil records were better represented in the Py - and
Wi Lc simulations than in the P05 and Wyog simulations.
The comparison between the results of the two sites
presenting different geomorphic and ecohydrological
conditions highlighted the capacity of the model to
simulate different peatland development patterns. Differ-
ences in simulation representativeness, however, might be
linked to the limitations of both the model and the
experiment calibration.

Model limitations

Peatland initiation, as highlighted in the previous section,
was not well reproduced in the simulations. Several factors
limit its predictive power. The geomorphic characteristics
of the sites and regions are not taken into account in HPM.
Moreover, fen to bog transition in HPM is gradual, and
minerotrophic species such as grasses or herbs remain
present in the assemblage for several thousand years after
the Sphagnum establishment. This behaviour is not
recorded in the macrofossil assemblages. In HPM, the
transition is driven by peat accumulation solely and thus
cannot be abrupt. We observed this inability of HPM to
produce abrupt transitions also in a chronosequence of
several mires (Tuittila et al., 2013).

When looking at the carbon accumulation results, the
variability of the Py;c and Wy ¢ simulations was
reduced in comparison with the simulations for the
MOS site, which showed large variability (Figure 5d).
The opposite was observed in the simulated vegetation
distributions, where the P;jc and W simulations
showed a much greater variability than the Pyjos and Wyios
simulations (Figures 6 and 7). These behaviours are probably
related to the differences in anoxia gradient parameteriza-
tion in both sites (Appendix Table III). In the current
version of HPM, the representation of the anoxia gradient
highly depends on the decision of the user; i.e. parameter
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values have to be chosen, and no comparable site data are so
far available to estimate these values. This creates an
important source of uncertainty in the simulations.

Additionally, differences in the parameter estimating the
minimum profile relative transmissivity probably affected
the results (Appendix Table III). At MOS, this value was
high, and hence, water-table depth fluctuated rapidly in
comparison with LLC (Figure 3b and c). Rapid changes in
the water-table depth of the Py;og simulation also affected
CARs, which therefore showed rapid shifts in MOS
(Figure 5b). Unfortunately, the minimum profile relative
transmissivity value had to be kept high in order to limit the
total carbon mass and to insure that the simulation
remained representative of the MOS site. This parameter
was already identified as a cause of uncertainty in the
results from a sensitivity analysis of HPM (Quillet et al.,
2013b; Quillet ef al., 2013a).

The limitations presented here collectively suggest that
ecohydrological processes are the weak area in our
understanding of peatland dynamics and its representation
on process-based models. Knowledge of the anoxia gradient,
the relative transmissivity and the fen to bog transition needs
to be enhanced in order to improve calibration and most
probably also the representativeness of the model results.

The role of water-table depth forcing in the simulation results

In the case of carbon accumulation, simulations with
reconstructed precipitation tended to be smooth or to
show isolated peaks that lasted only a couple of years
(Figure 5). The comparison between reconstructed
precipitation and reconstructed water-table depths from
testate amoebae (Figure 3) highlights both the indepen-
dence of the two records and the complexity of their
response. The relationship between water-table depth and
precipitation at this timescale appeared to be nonlinear.
Indeed, changes in water-table depth in a peatland can occur
for several reasons independently from precipitation: other
climatic changes (e.g. temperature and evapotranspiration),
disturbances (e.g. fire), autogenic changes (e.g. fen—bog
transition, lateral expansion, etc.) and hydrological changes.

Accumulated carbon in Py ¢ diverges during 3000-1000
BP, which is when the water-table depth reconstruction is
in poorest agreement with pollen reconstruction (Figures 3b
and 4a). On the other hand, accumulated carbon in Pyog
does not diverge much from the core data, while Wyog
diverges during 6500-5500 BP, when the simulated water-
table depth is in poorest agreement with testate-amoebae
reconstruction (Figures 3c and 4b). It can thus not be
argued that water-table depth forcing provided, overall,
better results in terms of carbon accumulation than the
simulation driven by reconstructed precipitation.

Contrary to our expectations, the forcing experiment did
not indubitably improve the representation of the vegetation
distribution. While Wy results seem to be in greater
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agreement than Py with macrofossil data, Wyos clearly
failed to represent the major variations in macrofossils. In
fact, MOS peatland presents a great variability in macrofossil
records but also presents a flatter topographical basin than
LLC and is thus subject to less effective drainage (van Bellen
et al., 2011a). Plant macrofossils showed that the MOS site
has been very sensitive to hydrological variations.
Moreover, prescribed water-table depths have a strong
influence on HPM plant assemblages. In the Wyog
simulation, there is little variability in the simulated plant
community composition after the fen stage, while in the
W Lc simulation, vegetation variability is mostly between
Sphagnum species (Figures 6¢ and 7¢). In the cores from these
sites, however, there is much more variability, particularly in
the woody vegetation fraction (Figures 6a and 7a). This
indicates that PFT composition in HPM may be too stable; the
smooth functional dependence on water table and peat depths
(Frolking et al., 2010) misses some important control on plant
community dynamics, e.g. species interactions.
Additionally, the lack of representation of the variabil-
ity in the model results might be related to the poor
resolution of the testate-amoeba dataset. Indeed, 4-cm
resolution is coarse and cannot capture rapid (i.e. decadal
to centennial) changes in testate-amoeba assemblages,
which are known to respond very rapidly to water-table
fluctuations (Warner et al., 2007; Mitchell et al., 2008).
Water-table reconstructions based on testate-amoeba
analyses at higher resolution would be helpful to assess the
role of the water-table forcing on the model results. Moreover,
the resilience to changes varies between proxies; e.g. plant
assemblages respond with a lag of decades and appear
generally buffered to changes in water table via self-
regulation of moisture content and the competition between
species (Viliranta et al., 2012). Nonetheless, HPM will not
simulate rapid and large shifts in vegetation composition
without equivalently rapid and large shifts in water-table
depth. The causes of variability in the simulation results
should be further investigated in order to assess the role of
calibration and of site specificity in these processes.

Long-term net carbon loss

One major finding of this study, the loss of carbon during
the peatlands’ history was emphasized by the several
periods of long-term carbon loss occurring in the
simulation results. Some of these periods occurred in the
simulation runs with precipitation reconstructions, others in
the simulations forced with water-table reconstructions,
and they appeared in the simulations of both sites. Several
studies focusing on the contemporary net carbon balance of
peatlands highlight the great interannual variability of the
carbon balance that can result into a change from a net sink
to a net source (e.g. Alm et al., 1999; Roulet et al., 2007,
Nilsson et al., 2008; Koehler et al., 2011). For example, Roulet

Ecohydrol. (2014)



A. QUILLET et al.

et al. (2007) measured the carbon balance at Mer Bleue Bog in
Canada during 6 years and estimated that values can vary
between a carbon gain of 105 gm >year 'and a carbon
loss of 50 gm~2year~'. Although these values are only
available for relatively short time periods (less than a
decade), these results are in the same range of amplitudes as
our simulation results (Figure 5c¢ and d). This gives us
confidence that the representation of carbon loss phases in
the HPM simulation, although they cannot be validated
against field data, was plausible. Other processes may have
an impact on the net carbon balance on a millennial
timescale such as vegetation shifts, but lacking data make it
difficult to evaluate this behaviour in the model. Yu (2011)
interpreted carbon fluxes of peatlands from different
regions all over the globe using the available basal dates
and carbon accumulation profiles. He found that the net
carbon balance in the northern peatlands showed large
fluctuations during the Holocene and periods of long-term
net carbon loss occurring in tropical peatlands.

Tracing vegetation history in relation to climate and other
forcing

Considering that the HPM simulations have limitations and
that the model is designed to reproduce large-scale patterns
of peatland development, we argue that the proper
reproduction of a vegetation shift in a simulation implies
that the processes responsible for this shift are included in the
model. As a corollary, simulation results can be helpful at
identifying the causes of shifts and variations in the
macrofossil dataset. However, caution is advised in the
historical interpretation of the results because the chronology
of our sites is coarse and because the results are also compared
with the pollen reconstruction from Viau and Gajewski (2009)
based on a different chronology and including some error.

For example, between 4100 and 3900cal BP, both
macrofossil records (Figures 6a and 7a) indicated a change
in vegetation towards more hydrophilous plant associations.
Both present a decline in Sphagnum section Acutifolia in LLC
with an increase in Cyperaceae, ligneous fragments and
hydrophilous Sphagnum species. During this period, both
LLC and MOS recorded decreasing trends in CAR (Figure 5),
associated with decreases in bulk density, and a high amount
of unidentified organic matter (Figures 6a and 7a). Moreover,
during this period, the carbon accumulation showed a
slowdown for Pyios and high carbon loss for Wyos
(Figure 5d). In agreement with our results, the synthesis
from Garneau et al. (in press) reports a general decrease in
peat accumulation rates from 4000 cal BP in different boreal
peatlands located on the Québec province territory.

At that time, around 4000 cal BP, reconstructed water-table
depths were ~0.15 m at both sites, although the MOS water
table was declining (Figure 3b and c). Additionally, a period
of increased precipitation occurred slightly earlier (i.e. ca
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4200 cal BP) and reached its maximum around 3800 cal BP
(Figure 3a). The results of the water-table depth forcing
(Figures 6¢ and 7c) did not record any major variation in the
vegetation during this period. However, the Py and Pyi0s
simulations showed a clear decline of hummock Sphagnum to
the favour of more hydrophilous PFTs (and of ombrotrophic
herbs in the case of Py ; ¢). The increase in precipitation might
thus be involved in the sudden vegetation change towards
wetter associations in both LLC and MOS around 4000 cal
BP. HPM was unable to capture these dynamics.

Between ca 6000 and 5700 cal BP, MOS presented a
shift in vegetation with increasing Cyperaceae to the
detriment of ligneous species (Figure 7a). This wet shift
coincides with the observed slight decrease in CARs
reconstructed from the LOI analyses (Figure 5b). Simulated
vegetation distributions showed a large presence of
hydrophilous mosses and hollow Sphagnum in the Wyog
simulation (Figure 7¢), but no drastic vegetation change is
observed in the Py;og simulation (Figure 7b). Because only
water-table-forced simulations could reproduce this vegeta-
tion shift, we argue that precipitation was probably not a major
control on vegetation dynamics during this period. Moreover, a
fire-induced change resulting in a wet shift (Sillasoo et al.,
2011; Morris et al., ) can probably be dismissed because no fire
has been recorded at MOS during this period, and fire
frequencies were low in the region (van Bellen ef al., 2012).
This event could thus be related to autogenic changes in the
MOS peatland such as a local change in hydrology.

Multiple proxies

Regarding both carbon accumulation and vegetation
distribution results, we observe that certain events (i.e.
periods of carbon loss and dry or wet periods in the plant
assemblages) are replicated in the simulations with
reconstructed precipitation, and others are rather replicated
when HPM’s water-table depth is forced. This suggests that
the two simulation experiments supplement each other. As
usually highlighted in palacoecological studies, we observe
that the use of multiple proxies, each of them characterized by
a specific sensitivity to allogenic and autogenic changes, can
be useful in modelling studies to reproduce the historical
changes in a peatland. Moreover, using multiple proxies from
the same peat core (and thus following the same age—depth
model) as input in the model eliminates errors associated
with tuning (Blaauw, 2012). This exercise facilitates
comparison between results from different proxies.

CONCLUSION

The dynamic response of peatlands to ecohydrological
changes has been assessed by the comparison of two
simulation experiments on the development of two peat bogs
located in the James Bay region in North-eastern Canada, with
the help of a reconstructed precipitation time series and with a
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forcing of the water-table depth reconstructed from testate-
amoeba analyses. These simulations allowed the comparison
between regional signals and local conditions taking both
allogenic and autogenic signals into account.

In this study, HPM simulated phases of carbon loss
corresponding to periods of low or sharp decrease in CARs
that are comparable with contemporary carbon gas flux
measurements. Moreover, the results highlight the capacity of
HPM to reproduce general patterns in two peatlands presenting
different geomorphic and hydrological conditions influencing
the ecological response while pointing out the weakness in the
knowledge on peatland ecohydrological processes.

The differences in the model responses that we found
between sites stress the important heterogeneity between
peatlands located in the same region; this heterogeneity makes
large-scale modelling challenging. The successful simulation
of variations observed in the paleorecords indicates that the

model comprehends the representation of processes driving
these variations. Thus, we conclude that the methodology
applied here can be used to help distinguish the various causes
of carbon accumulation shifts in paleoecological studies.
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APPENDIX HPM PARAMETERS: DESCRIPTION AND VALUES.

Differences between sites are in bold type.

Table Al PFT-specific parameter description.

PFT-specific parameter description Units Symbol
Peat depth for optimum productivity m h°P'pp
Productivity range around the optimum m O pDi
m 6" ppi
WTD for optimum productivity m 7P
Productivity range around the optimum m o WrTi
m oW
Relative net primary productivity (NPP) - NPP,,;
Above-ground NPP - AGgac
Decomposition rates year™ ! ko
Table All. PFT-specific parameter values for LLC.
LLC
PFTp ZWr OWTi OwTi heh; Oppi Obpi NPP, AGac ko
PFT ) (m) (m) (m) (m) (m) (m) ) ©) (year )
Grass 1 0.40 0.40 0.40 0.01 1.00 0.90 0.55 0.50 0.15
Minerotrophic herb 2 0.10 0.30 0.30 0.30 1.00 0.90 0.55 0.50 0.25
Minerotrophic sedge 3 0.10 0.40 0.40 0.10 2.00 1.50 0.75 0.20 0.25
Minerotrophic shrub 4 0.20 0.20 1.00 1.00 2.00 1.50 0.50 0.50 0.20
Brown moss 5 0.01 0.20 0.05 0.10 1.50 1.50 0.50 1.00 0.10
Hollow Sphagnum 6 0.01 0.20 0.15 2.00 1.50 19.00 0.50 1.00 0.10
Lawn Sphagnum 7 0.10 0.06 0.40 2.00 1.50 19.00 0.50 1.00 0.07
Hummock Sphagnum 8 0.20 0.10 0.50 2.00 1.50 19.00 0.50 1.00 0.05
Feather moss 9 0.40 0.40 0.60 4.00 6.00 19.00 0.25 1.00 0.10
Ombrotrophic herb 10 0.20 0.20 0.20 4.00 2.00 19.00 0.25 0.50 0.25
Ombrotrophic sedge 11 0.20 0.30 0.30 4.00 2.00 19.00 0.50 0.20 0.15
Ombrotrophic shrub 12 0.30 0.30 1.00 4.00 2.00 19.00 0.50 0.50 0.15

Copyright © 2014 John Wiley & Sons, Ltd.
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Table AIIl. PFT-specific parameter values for MOS.

MOS
PFTp AN OwTi OwTi hpbi Oppi ObDi NPP, AGiac ko

PFT () (m) (m) (m) (m) (m) (m) ) ) (year ')
Grass 1 0.40 0.40 0.40 0.01 1.00 0.90 0.55 0.50 0.15
Minerotrophic herb 2 0.10 0.30 0.30 0.30 1.00 0.90 0.55 0.50 0.25
Minerotrophic sedge 3 0.10 0.40 0.40 0.10 2.00 1.50 0.75 0.20 0.25
Minerotrophic shrub 4 0.20 0.20 1.00 1.00 2.00 1.50 0.50 0.50 0.20
Brown moss 5 0.01 0.20 0.05 0.10 1.50 1.50 0.50 1.00 0.10
Hollow Sphagnum 6 0.01 0.20 0.05 2.00 1.00 19.00 0.50 1.00 0.10
Lawn Sphagnum 7 0.10 0.09 0.40 2.00 1.50 19.00 0.50 1.00 0.07
Hummock Sphagnum 8 0.20 0.17 0.50 2.00 1.50 19.00 0.50 1.00 0.05
Feather moss 9 0.40 0.40 0.60 4.00 6.00 19.00 0.25 1.00 0.10
Ombrotrophic herb 10 0.20 0.20 0.20 4.00 2.00 19.00 0.25 0.50 0.25
Ombrotrophic sedge 11 0.20 0.30 0.30 4.00 2.00 19.00 0.50 0.20 0.15
Ombrotrophic shrub 12 0.30 0.30 1.00 4.00 2.00 19.00 0.50 0.50 0.15

Table AIV. Description of the model parameters and their values for LLC and MOS sites.

Parameter description Units LLC MOS
Simulation length year 7562 6984
Annual precipitation m year™ ' 0.74 0.74
Annual potential evapotranspiration (ET) myear ' 0.40 0.40
Water-table depth (WTD) threshold for minimal ET m 0.13 0.17
WTD threshold for maximal ET m 0.24 0.24
Potential ET/Minimal ET - 1.50 1.50
Annual run-off adjustment factor myear” ' 0.02 0.04
Increase in run-off with peat height m! 0.015 0.03
Minimum profile relative transmissivity - 0.50 0.78
Maximum potential NPP kgm Zyear' 0.71 0.71
Maximum root depth for non-sedge vascular plants m 0.20 0.20
Depth to 80% of the sedge roots m 0.30 0.30
Maximum root depth for sedges m 2.00 2.00
Scale length for the anaerobic effect on decomposition rate m 0.80 0.40
Optimal water-filled pore space for decomposition - 0.45 0.45
Decomposition rate multiplier at annual mean WTD - 0.20 0.20
Minimal decomposition rate multiplier - 0.001 0.001
Minimum litter/peat degree of saturation - 0.03 0.03
Controls’ litter/peat unsaturated water content function - 0.50 0.50
Controls litter/peat unsaturated water content function kg m~? 20.00 20.00
M/M, at which bulk density reaches half of its amplitude - 0.12 0.30
Controls’ steepness of the bulk density curve - 0.13 0.18
Minimum peat bulk density kgm > kgm 40.00 50.00
Maximum potential increase in peat bulk density kgm ™ 53.00 55.00
Organic matter particle bulk density kgm™> 1300.00 1300.00
REFERENCES van Bellen S, Dallaire PL, Garneau M, Bergeron Y. 2011a. Quantifying
spatial and temporal Holocene carbon accumulation in ombrotrophic
Alm J, Schulman L, Walden J, Nykénen H, Martikainen PJ, Silvola J. peatlands of the Eastmain region, Quebec, Canada. Global Biogeo-
1999. Carbon balance of a boreal bog during a year with an chemical Cycles 25. doi: 10.1007/s10021-009-9248-2.
exceptionally dry summer. Ecology 80: 161-174. van Bellen S, Garneau M, Booth RK. 2011b. Holocene carbon
Baird AJ, Morris PJ, Belyea LR. 2012. The DigiBog peatland accumulation rates from three ombrotrophic peatlands in boreal
development model 1: Rationale, conceptual model, and Quebec, Canada: Impact of climate-driven ecohydrological
hydrological basis. Ecohydrology 5: 242-255. doi: 10.1002/ change. The Holocene 21: 1217-1231. doi: 10.1177/
eco.230. 0959683611405243.
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