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[1] Carbon dynamics in peatlands are controlled, in large part, by their wetness as defined
by water table depth and volumetric liquid soil moisture content. A common type of
peatland is raised bogs that typically have a multiple-layer canopy of vascular plants over
a Sphagnum moss ground cover. Their convex form restricts water supply to precipitation
and water is shed toward the margins, usually by lateral subsurface flow. The hydraulic
gradient for lateral subsurface flow is governed by the peat surface topography at the
mesoscale (�200 m to 5 km). To investigate the influence of mesoscale topography on
wetness, evapotranspiration (ET), and gross primary productivity (GPP) in a bog during
the snow-free period, we compare the outputs of a further developed version of the daily
Boreal Ecosystem Productivity Simulator (BEPS) with observations made at the Mer
Bleue peatland, located near Ottawa, Canada. Explicitly considering mesoscale
topography, simulated total ET and GPP correlate well with measured ET (r = 0.91) and
derived gross ecosystem productivity (GEP; r = 0.92). Both measured ET and derived
GEP are simulated similarly well when mesoscale topography is neglected, but daily
simulated values are systematically underestimated by about 10% and 12% on average,
respectively, due to greater wetness resulting from the lack of lateral subsurface flow.
Owing to the differences in moss surface conductances of water vapor and carbon dioxide
with increasing moss water content, the differences in the spatial patterns of simulated total
ET and GPP are controlled by the mesotopographic position of the moss ground cover.
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1. Introduction

[2] Peatlands are wetlands characterized by the accumu-
lation of partially decayed organic matter as peat. The
accumulation of peat is a result of net primary productivity
(NPP), the net gain of carbon (C) through photosynthesis,
persistently exceeding the decomposition of organic matter.
Peatlands in northern (i.e., boreal and subarctic) ecozones
are an active component of the terrestrial C cycle [e.g.,
Clymo et al., 1998; Frolking et al., 2002; Roulet et al.,
2007; Turunen et al., 2004]. In North America and Eurasia,
they have been acting as relatively small but persistent long-
term sinks of atmospheric carbon dioxide (CO2) and sources
of methane (CH4) since the beginning of their development
after the last deglaciation. With an average long-term C
accumulation rate of about 20–30 g C m�2 yr�1, northern
peatlands now store between 200 and 450 Gt C, approxi-
mately one third of the global soil C pool, while they cover

only 3% of the terrestrial land surface [Gorham, 1991;
Maltby and Immirzi, 1993; Turunen et al., 2002; Turunen
et al., 2004].
[3] Two important parameters that influence peatland

NPP and decomposition are the depth of the water table
(WTD) and the volumetric liquid soil moisture content
(qv-soil) in the unsaturated zone. Together they describe the
wetness of a peatland. Peatlands’ wetness is thus considered
to be one of the most critical factors in determining their
CO2 and CH4 sink-source strength [e.g., Belyea and Clymo,
2001; Lafleur et al., 2003; Moore et al., 1998; Oechel et al.,
1993].
[4] Ecophysiological processes involved in peatland

C dynamics and their hydrological controls operate over
different topographic scales, roughly ranging from micro-
topographic (�1–5 m; e.g., hummocks and hollows), fine
and coarse topographic (�5–200 m, e.g., lawns), and
mesotopographic (�200 m to 5 km), to macrotopographic
scales (>5 km) [Belyea and Clymo, 2001; Wilson and
Gallant, 2000]. The macrotopographic position of a peat-
land within the landscape roughly corresponds to the scale
of peatland macrotopes in the case of a peatland complex,
whereas the overall shape of the peat body as defined by its
ground surface topography at the mesoscale describes a
peatland’s macroform and corresponds to individual peat-
land mesotopes [Charman, 2002; Ivanov, 1981].
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[5] A common type of peatland is raised bogs with a
slightly domed center (Figure 1). As a result of their convex
form, water supply is restricted to atmospheric inputs
(ombrotrophic), and water is shed toward the margins by
shallow lateral subsurface and sometimes surface flows.
Under the assumption that the hydrological connectivity
between raised bogs and their surrounding mineral uplands
is negligible, mesoscale topography and the spatially and
vertically variable hydraulic properties of the peat profile
[e.g., Clymo, 2004; Fraser et al., 2001] can be considered as
two of the main controls on WTD and qv-soil dynamics and
their spatial variation.
[6] The influence of mesoscale topography on peatland

hydrology and thus C dynamics requires that process-
oriented models incorporate some form of lateral subsurface
and surface flows. Some ecohydrological studies in com-
plex terrains using spatially distributed models explicitly
account for the topographic controls on lateral subsurface
and surface flows through digital elevation models (DEM),
thus acknowledging the coupling between the different
components of the hydrological system and their responses
to topography [e.g., Chen et al., 2005, 2007; Tague and
Band, 2004; Wigmosta et al., 1994]. A number of studies
have demonstrated the influence of DEM derivatives such
as slope, aspect, and relative elevation on the lateral
redistribution of subsurface and surface water [e.g., Grayson
et al., 1997; Moore et al., 1988; Western et al., 1999].
However, ecohydrological models of peatlands either
neglect lateral subsurface flow [e.g., Comer et al., 2000;
Potter, 1997] or employ simple, largely site-specific empir-
ical parameterizations [e.g., Bond-Lamberty et al., 2007;
Ouyang et al., 2008; Weiss et al., 2005; Yurova et al., 2007;

Zhang et al., 2002]. Other models use time series of WTD
as input to drive the model [e.g., Frolking et al., 2002;
Walter et al., 1996] thus eliminating the necessity to
simulate lateral subsurface flow.
[7] A characteristic feature of ombrotrophic peatlands

such as raised bogs is the multiple-layer canopy that often
comprises a ground cover of different moss species beneath
mostly evergreen shrubs, and sparse patches of trees
(Figure 1). Several studies have highlighted the importance
of the moss ground cover in the overall ecosystem func-
tioning of ombrotrophic peatlands [e.g., Frolking et al.,
2002; Heijmans et al., 2004; Humphreys et al., 2006;
Lafleur et al., 2005a]. However, despite its demonstrated
importance, a moss ground cover is still often not adequately
represented in many ecohydrological models [Beringer et
al., 2001]. Unlike vascular plants where leaf stomatal
behavior is controlled by several environmental variables
such as qv-soil [Jarvis, 1976], mosses have no stomatal
apparatus to actively control water vapor loss to and CO2

uptake from the atmosphere. Moss’ conductance of CO2

diffusion through their photosynthetic tissue is governed by
their water content [e.g., Grant et al., 2001; Williams and
Flanagan, 1998]. Some moss species such as Sphagnum
absorb water and nutrients over their entire surface and are
thus dependent on wet conditions for their growth and
survival [Ferland and Rochefort, 1997]. Water lost by
mosses through evaporation has to be replaced by inter-
cepted rain and dew and/or the capillary rise from below.
Mosses are desiccation tolerant (poikilohydric), i.e., they
absorb water and swell to a magnitude determined by air
humidity. If there is no adequate supply of water, mosses
dry out and stay dormant until re-wetted. Within this cycle

Figure 1. Different topographic scales of biological and physical processes involved in peatland
C dynamics and their hydrological controls in raised bogs. Also given, in brackets, are the corresponding
peatland (land) forms [Charman, 2002; Ivanov, 1981] (not drawn to scale).
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of drying and wetting lies the optimum moss water content
for photosynthesis [e.g., Dilks and Proctor, 1979; Proctor,
1982]. Thus, the simulation of water vapor and CO2 fluxes
in ombrotrophic peatlands has to take into account the
unique characteristics of their multiple-layer canopy and
the effects of its architecture on the radiation regime, the
spatially variable contribution of each vegetation layer to
water vapor and CO2 fluxes, the effects of wetness on water
vapor and CO2 fluxes, and the ecophysiological character-
istics of the moss ground cover.
[8] The goal of our study is to simulate daily WTD and

qv-soil dynamics, daily evapotranspiration (ET), and daily
photosynthesis as gross primary productivity (GPP) at the
Mer Bleue peatland during the snow-free period of 2004
with an existing spatially distributed, process-oriented eco-
system model that explicitly takes into account the influence
of mesoscale topography on peatland hydrology and
C dynamics. To investigate the influence of Mer Bleue’s
macroform on wetness, ET, and GPP while ignoring other
topographic scales, we compare model outputs obtained
from a spatially explicit lateral subsurface flow simulation
with those obtained from a simulation neglecting lateral
subsurface flow. Model outputs are evaluated with mea-
sured WTD, qv-soil, ET, and gross ecosystem productivity
(GEP) derived from net ecosystem exchange (NEE), which
is the net flux of CO2.

2. Materials and Methods

2.1. Model Background

[9] The model used in this study is a further developed
version of the Boreal Ecosystem Productivity Simulator
(BEPS [Liu et al., 1997]) that we adapted to northern
peatlands (2.2). Two of the main characteristic features of
BEPS are the simulation of ET based on the Penman-
Monteith equation [Monteith and Unsworth, 1990], and
CO2 assimilation through photosynthesis as GPP by scaling
Farquhar’s instantaneous leaf biochemical model for vascu-
lar C3 plants [Farquhar et al., 1980] up to canopy-level with
a spatial and temporal scaling scheme [Chen et al., 1999;
Liu et al., 2002, 2003]. BEPS is driven by common
meteorological forcing variables. Other spatial input data
sets include soil texture and remotely sensed vegetation
parameters such as land cover type and leaf area index
(LAI). LAI is considered to be one of the most important
parameters since it plays a key role in the simulation of ET
and GPP. In BEPS, a vascular plant canopy is stratified into
sunlit and shaded leaves based on LAI, clumping index, and
solar zenith angle [Chen et al., 1999]. For both groups of
leaves, daily transpiration and GPP are calculated separately
[Chen et al., 1999; Liu et al., 2002, 2003]. The one-layer
‘‘bucket model’’ of the original version of BEPS was
replaced by the soil water balance component of a spatially
distributed, process-oriented hydrological model (Terrain-
Lab [Chen et al., 2005]), resulting in BEPS-TerrainLab
[Chen et al., 2007].
[10] The soil water balance component of TerrainLab

allows for the spatially explicit simulation of topographically-
driven lateral subsurface flow and its influence on WTD and
qv-soil dynamics based on a raster grid DEM [Chen et al.,
2005]. TerrainLab uses the explicit routing scheme of
Wigmosta et al. [1994]. In this approach the soil profile is

subdivided into an unsaturated and a saturated zone. Satu-
rated hydraulic conductivity is assumed to be depth-depen-
dent, while other hydraulic parameters are considered to be
vertically homogenous. However, the assumption of vertical
homogeneity of permanent wilting point, field capacity, and
porosity represents a major simplification in peatlands [Letts
et al., 2000]. The lateral movement of water between each
raster grid cell (pixel) of the modeling domain and its
maximum eight neighboring pixels based on a multiple-
direction-flow algorithm occurs in the saturated zone, i.e., as
groundwater flow. Groundwater follows the local hydraulic
gradient (3 � 3 pixels) that is assumed to be approximated
by local ground surface slopes [Chen et al., 2005; Wigmosta
et al., 1994]. This is a reasonable assumption for peatlands
given the theoretical work of Ingram [1982] and the
empirical observations of Fraser et al. [2001] for the Mer
Bleue peatland. The vertical upward and downward move-
ment of water between the unsaturated and saturated zones
through capillary rise and percolation, respectively, is cal-
culated based on WTD, qv-soil, and several prescribed soil
hydraulic parameters [Chen et al., 2005]. Water for transpi-
ration can be extracted from both the unsaturated and
saturated zones. The differentiation between unsaturated
and saturated transpiration components is based on a simple
root vertical distribution function f(r) within the soil profile,
calculated after Gale and Grigal [1987] as the cumulative
root fraction rj from the ground surface to depth zj as:

f rð Þ ¼ rj ¼ 1� bzj ð1Þ

where b is the depth coefficient of root distribution. Values
of b used in TerrainLab usually range between 0.9 and 0.96.
A larger value of b indicates a larger proportion of roots at
greater soil depths [Jackson et al., 1996]. The effect of qv-soil
and WTD, i.e., waterlogging, on stomatal conductance of
water vapor and thus transpiration is quantified through the
multiplicative stress approach of Jarvis [1976] with a
modified qv-soil modifier f(q) calculated after Chen et al.
[2005] on the basis of equation (1) as:

f qð Þ ¼ 1� b
zwt

� �
*f qv�uð Þ þ bzwt0:5 ð2Þ

where b is the depth coefficient of root distribution from
equation (1), zwt is WTD [cm] defining the thickness of the
unsaturated zone, and qv-u is qv-soil of the unsaturated zone.
f(qv�u) in equation (2) is calculated afterChen et al. [2005] as:

f qv�uð Þ ¼

0; qv�u < qv�pwp;

qv�u � qv�pwp

qv�fc � qv�pwp

; qv�pwp � qv�u < qv�fc

1� 0:5
qv�u � qv�fc

f� qv�fc

; qv�fc � qv�u � f

8>>>>>><
>>>>>>:

;

ð3Þ

where qv-pwp is the permanent wilting point, qv-fc is the field
capacity, and f is porosity. A constant of 0.5 in equation (2)
results in a reduction of stomatal conductance by 50% as a
result of decreased root activity under saturated and thus
anaerobic conditions.
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[11] In TerrainLab, the moss ground cover is considered
implicitly as the uppermost part of the unsaturated zone that
is able to extract water for evaporation from the substrate
below under dry conditions. Potential moss evaporation is
calculated using the Penman-Monteith equation. Actual
moss evaporation is calculated as the minimum of the
substrate-extractable water and the potential rate. Regarding
hydrological processes, the BEPS component of the coupled
model performs the partitioning of precipitation into snow
and rain, and calculates evaporation from the ground
surface, and of canopy-intercepted water, sublimation from
a snowpack and of canopy-intercepted snow, and transpira-
tion [Chen et al., 2005; Liu et al., 2003]. The TerrainLab
component uses calculated transpiration, and ground surface
evaporation to update the soil water balance. The strategy of
coupling BEPS and TerrainLab through the multiplicative
stress approach of Jarvis [1976], with the modified qv-soil
modifier of equation (2), allows for the important coupled
simulation of hydrological (transpiration) and C (photosyn-
thesis) cycle processes [e.g., Arora, 2002; Rodriguez-Iturbe,
2000; Williams et al., 2001], and for the assessment of
topographic effects on water vapor and CO2 fluxes between
the biosphere and the atmosphere [e.g., Chen et al., 2005,
2007; Grant, 2004].
[12] In the following we discard the distinction between

understory (i.e., layer of smaller vegetation under an upper
vegetation layer), and overstory (i.e., upper layer of vege-
tation) in the context of peatlands in favor of ‘‘shrub layer’’
and ‘‘tree layer’’ to equally account for the forested and
open areas of peatlands’ multiple-layer canopy (Figure 1),
and to emphasize the important role of the shrub layer in
energy, water vapor, and CO2 fluxes especially in open
areas.

2.2. Peatland Model Adaptations

2.2.1. Peatland Hydrology
[13] In recent versions of the BEPS and TerrainLab

family of models [e.g., Chen et al., 2005; Ju et al., 2006;
Liu et al., 2003], a forest canopy comprises understory and
overstory to account for potential contributions of shrubs
and grasses under trees to total energy, water vapor, and
CO2 fluxes. For an adequate and consistent representation
of the shrub layer in BEPS-TerrainLab, we extended the
approach implemented in BEPS for the calculation of
overstory transpiration and GPP based on the stratification
into sunlit and shaded leaves [Chen et al., 1999] to the
shrub layer. These efforts included the adaptation of
the radiation regime [Chen et al., 2005] to account for the
spatially varying vertical vegetation structure based on
separate spatial distributions of trees and shrubs (2.4.6). In
the extended version of the radiation regime, direct and
diffuse shortwave radiation components attenuate in the
forested but not in the open areas, resulting in higher direct
and diffuse irradiances absorbed by the shrub layer and the
moss ground cover in open areas. The longwave radiation
component [Chen et al., 2005] was adapted. For the goal of
our study, the daily soil water balance [mm] of each pixel
(denoted as i, j) in the snow-free period can be simplified as:

Pi;j � Ii;j
� �

� Ti;j þ Em�i;j

� �
� Ri;j � Qi;j ¼ D Ssat�i;j þ Sunsat�i;j

� �
ð4Þ

where P is precipitation [mm], I is total intercepted
precipitation by the tree and shrub layers [mm], T is total
transpiration by the tree and shrub layers [mm], Em is moss
evaporation [mm], R is surface runoff [mm], Q is saturated
subsurface runoff [mm], and DSsat and DSunsat are saturated
and unsaturated storage change [mm], respectively. Total
intercepted precipitation by trees, when present, and shrubs
are functions of tree (LAIt) and shrub LAI (LAIs),
respectively [Liu et al., 2003]. Net precipitation reaches
the ground surface (top of moss ground cover) where it
infiltrates the peat profile up to a maximum rate (infiltration
capacity). Infiltration capacity Infmax is calculated based on
the Green and Ampt [1911] approximation as:

Infmax ¼ Ksurf * 1þ
f� qt�D t

unsat

� �
* Sf

Icum

 !
ð5Þ

where Ksurf is ‘‘effective’’ ground surface hydraulic
conductivity for infiltration [mm/s], f is porosity, qunsat

t�Dt is
qv-soil of the unsaturated zone of the previous day, Sf is the
wetting front suction calculated after Beckers and Alila
[2004], and Icum is cumulative infiltration, i.e., input
intensity. At daily time steps, Icum is assumed to be net
precipitation, which implies that precipitation is evenly
distributed over the course of a day [Tague and Band, 2004].
Water above infiltration capacity becomes surface runoff
(infiltration excess flow). Currently, BEPS-TerrainLab does
not consider spatially explicit surface runoff routing. Surface
runoff is assumed to leave the modeling domain within a
daily time step.
[14] Total ET is calculated as the sum of:

ETtotal ¼ Et þ Tt þ Es þ Ts þ Em ð6Þ

where E and T are actual evaporation [mm] and actual
transpiration [mm] from the tree layer (t) where present, and
the shrub layer (s), respectively, and Em is actual
evaporation [mm] from the moss ground cover. The two
evaporation components, Et and Es, are calculated after Liu
et al. [2003]. The two transpiration components Tt and Ts
are calculated using the Penman-Monteith equation, both
separately for sunlit and shaded leaves. Sunlit and shaded
LAI for both the tree and the shrub layers are calculated
after Chen et al. [1999]. Total aerodynamic resistances for
the tree and the shrub layer in open areas for use in the
Penman-Monteith equation are calculated based on daily
mean wind speed [Monteith and Unsworth, 1990]. Total
aerodynamic resistance for the shrub layer in forested areas
was set to a constant value of 10 s m�1 [after Chen et al.,
2005; Humphreys et al., 2006]. Both tree and shrub layers
can extract water for transpiration from the unsaturated and
saturated zones based on equation (1). The moss evapora-
tion Em component is calculated after Chen et al. [2005].
Total aerodynamic resistance for the moss ground cover was
set to a constant value of 30 s m�1 [Chen et al., 2005]. Moss
surface conductance (gs-Sphag) [mm s�1] of water vapor
used in the Penman-Monteith equation is calculated for
Sphagnum moss from the least square regression relation-
ship (fifth-order polynomial) between moss water content
(qSphag) [g (fresh weight) g�1 (dry weight)] and gs-Sphag
[mol m�2 s�1] of CO2 provided by Williams and Flanagan
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[1998]. However, other than for CO2 and the ecophysiolo-
gical process of photosynthesis, the physical process of
evaporation is not limited by increasing qSphag, and thus
gs-Sphag of water vapor remained constant after qSphag
reaches a maximum value of 5 g (fresh weight) g�1 (dry
weight) in the least square regression relationship of
Williams and Flanagan [1998]. This implies that gs-Sphag
is only limited by the diffusion of water vapor through the
air space within the moss ground cover. gs-Sphag of CO2 is
calculated after Williams and Flanagan [1998] up to a value
of qSphag of 13 g (fresh weight) g�1 (dry weight), after
which it is assumed to decline linearly up to a value of
qSphag of 17 g (fresh weight) g

�1 (dry weight) fromwhere it is
assumed to remain constant [Williams and Flanagan, 1998].
[15] We implicitly consider the moss ground cover in

BEPS-TerrainLab as the uppermost part of the unsaturated
zone from a soil water balance perspective [Chen et al.,
2005]. Considering the importance of qSphag [Moore et al.,
2002], we decide to employ its crude estimation as a
function of WTD based on Hayward and Clymo [1982]
instead of using a constant value [Chen et al., 2005] for the
calculation of gs-Sphag of water vapor and CO2. However,
the studies focusing on qSphag are few and our simple
approach may result in the underestimation of qSphag since
it neglects moss interception.
[16] Saturated subsurface runoff Q is calculated as the net

saturated subsurface flow into and out of a pixel [Chen et
al., 2005]. In our study, each day the local hydraulic
gradient is defined by the local water table gradient (3 �
3 pixels) of the previous day. The daily update of WTD and
changes in storage in the unsaturated and saturated zones,
including the vertical transfer of water between the two
zones, follow Chen et al. [2005].
2.2.2. Peatland Carbon Dioxide Exchange
[17] Based on the extension of the stratification of a

vegetation layer into sunlit and shaded leaves to the shrub
layer, total daily CO2 assimilation through photosynthesis
as GPP is now calculated as the sum of:

GPP ¼ GPPt þ GPPs þ GPPm ð7Þ

where GPP is gross primary productivity [g C m�2 d�1] of the
tree layer (t) where present, the shrub layer (s), and the moss
ground cover (m), respectively. Tree and shrub GPP is
calculated using Farquhar’s model with the scaling scheme of
Chen et al. [1999] as implemented in BEPS by Liu et al. [2002].
[18] The calculation of moss GPP is also based on

Farquhar’s model after Chen et al. [1999] and Liu et al.
[2002], following its adaptation to Sphagnum moss after
Williams and Flanagan [1998]. In their approach, moss’
capacity to use both light and CO2 is controlled by moss’
poikilohydric behavior which in turn is determined by
qSphag. Equivalent to the function of LAI in the GPP
calculation with Farquhar’s model, a (moss) shoot area
index (SAI) quantifying the area of photosynthetic moss
tissue (capitulum) is used [Williams and Flanagan, 1998].
In accordance with the calculation of chloroplastic CO2

concentration in vascular C3 plant leaves based on stomatal
conductance of CO2 calculated after Jarvis [1976] or Ball et
al. [1987], gs-Sphag of CO2 as calculated after Williams and
Flanagan [1998] is used instead. Moss surface temperature
for the calculation of the temperature dependence of several

parameters used in Farquhar’s model is taken as daily mean
daytime air temperature. To account for the effect of
attenuation of light intensity within the Sphagnum moss
ground cover on gross photosynthetic rates in BEPS-
TerrainLab, we implemented the light attenuation model
of Williams and Flanagan [1998].
[19] In the calculation of GPP with Farquhar’s model

after Chen et al. [1999], Vmax is calculated in a simplified
way as:

Vmax ¼ Vmax 25*2:4
T�25ð Þ=10

*
Nleaf

Nmax�leaf

	 

ð8Þ

where Vmax25 is maximum Rubisco activity at 25�C [mmol
m�2 s�1], T is daily mean daytime air temperature [�C], Nleaf

is the average leaf nitrogen (N) content [%], and Nmax-leaf

is the maximum leaf nitrogen content [%]. The
Vmax25-modifier 2.4(T�25)/10 accounts so some degree for
the diurnal influence of air temperature on the leaf’s
carboxylase and oxygenase reactions (i.e., Vmax), whereas
(Nleaf/Nmax-leaf) partially accounts implicitly for seasonal
changes in the leaf’s ecophysiological status as reflected in
leaf N status [Chen et al., 1999; Wang et al., 2003]. To
allow for a more explicit consideration of the seasonal
changes in leaf N status, we introduced a modifier for (Nleaf/
Nmax-leaf) based on 11-d moving window averages of mean
air temperature representing the seasonal trend of air
temperature similar to the Vmax25-modifier:

Nleaf

Nmax�leaf

	 

¼ Nleaf

Nmax�leaf

	 

*0:25*2:4

Ttrend�Tannualð Þ=10 ð9Þ

where Ttrend is the 11-d moving window average of air
temperature [�C], and Tannual is the 30-year annual mean air
temperature [�C]. This modifier is introduced to follow the
seasonal pattern of available N in the soil resulting from the
net N mineralization.

2.3. Site Description

[20] The Mer Bleue peatland (45.4�N, 75.5�W) is located
just southeast of Ottawa, Ontario, Canada. The approxi-
mately 28 km2 peatland has an average elevation of about
69 m asl, and is part of Fluxnet-Canada Research Network
(FCRN; http://www.fluxnet-canada.ca) and the subsequent
Canadian Carbon Program (CCP). The climate of the area is
classified as cool continental: the 30-year annual mean air
temperature is 6.0 ± 0.8�C, ranging from monthly averages
of �10.8 ± 2.9�C in January to 20.9 ± 1.1�C in July
(Environment Canada 1971–2000 climate normals). Pre-
cipitation falls fairly evenly throughout the year, with a
minimum of 58.0 mm in February and a maximum of
90.0 mm in July. Annual mean precipitation is 943.5 mm
of which about 25% falls as snow. Mean precipitation
during June, July, and August is 262.7 mm. Mean air
temperature during the three summer months is 19.6 ± 1.2�C.
[21] The ecological and structural characteristics of the

Mer Bleue peatland are discussed inMoore et al. [2002] and
Roulet et al. [2007]. Mer Bleue formed about 8500 years
ago in a meltwater channel system that carved into the
marine silty clay deposited in the Champlain sea basin. It
has three broad east-west arms between the beach ridges
and the present study focuses on the northwestern arm. This
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arm has a western slope and comprises mostly a typical
raised bog with distinct microforms including hummocks,
hollows, and intermediate lawns. The vascular plant com-
position comprises dominant evergreen and deciduous eri-
caceous shrubs, and sparse patches of sedges, black spruce
(Picea mariana) and tamarack (Larix laricina) trees, occa-
sional gray birch (Betula populifolia) and white birch
(Betula papyrifera) trees. The entire ground surface of the
northwestern arm is composed of different species of mainly
Sphagnum moss [Moore et al., 2002]. Peat depths in the
northwestern arm vary spatially between around 5 to 6 m
near the center and about 2 m at the margins [Roulet et al.,
2007]. Lateral hydraulic conductivity at a depth of 0.5 m,
which roughly corresponds with the long-term mean WTD
[Fraser et al., 2001], is 2.7*10�4 m s�1 ± 4.7*10�4 m s�1

(n = 4) [Fraser, 1999]. Vertical hydraulic conductivities
were estimated to be generally about one to three orders of
magnitudes smaller than lateral hydraulic conductivities
[Fraser et al., 2001]. Subsurface and sometimes surface
water is shed from the gently domed central part included in
the northwestern arm, generally following the local topo-
graphic gradient (0.0008) from east to west [Fraser et al.,
2001] and toward the margins, where it drains away along
narrow beaver ponds surrounding the peat body of the
northwestern arm. There is negligible hydrological connec-
tivity between the peat body of the northwestern arm and
surrounding mineral wetlands and uplands composed of
fluvial sands and gravel, and the underlying impermeable
marine sediments, respectively [Fraser et al., 2001].

2.4. Data Sets

[22] A variety of spatial data sets from different sources,
including the modeling domain (2.4.1), soil texture and
depth (2.4.2), meteorological forcing variables (2.4.3),
DEM (2.4.4), tree and shrub LAI, and SAI maps (2.4.5),
and tree, shrub, and Sphagnum moss distribution maps
(2.4.6) were compiled as inputs for the model. All spatial
data sets were converted into raster format at 30 m-resolution
in UTM coordinates (North American Datum 1983). Daily
ET and GEP derived from half-hour eddy covariance (EC)
measurements [Lafleur et al., 2001, 2003; Roulet et al.,
2007] of latent heat and CO2 fluxes, respectively, were used
in addition to WTD and qv-soil measurements for model
evaluation (2.4.7).
2.4.1. Modeling Domain
[23] A vector database containing a Mer Bleue peatland

boundary and almost 1400 spot heights of the Mer Bleue
peatland from a GPS survey (recorded to the first decimal
place) was provided by the National Capital Commission
(NCC; Ottawa, Ontario, Canada). Based on Fraser et al.
[2001], subsurface water follows the local topographic
gradient, and once it reaches the margins of the peat body,
it leaves the modeling domain (flow-through boundaries).
This boundary is not in complete accordance with the
‘‘true’’ hydrological catchment of the northwestern arm of
Fraser et al. [2001], who established a gauged outflow for
the catchment since they included the small contribution
from mineral wetlands and beach ridge uplands (Figure 2b),
but beaver impoundment in 2004 resulted in a high degree

Figure 2. Spatially explicit input data sets used by BEPS-TerrainLab adapted to northern peatlands:
(a) digital elevation model (2.4.4), (b) subset of Landsat TM scene (false color composite in 4, 3, 2 band
combination) used to derive (c) tree and (d) shrub LAI maps (2.4.5), and (e) tree and (f) shrub distribution
maps (2.4.6), clipped to the modeling domain.
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of uncertainty in discharge estimates. The eastern boundary
of the modeling domain, delineated manually based on the
NCC spot height data set, corresponds to the hydrological
catchment boundary of Fraser et al. [2001]. The resulting
modeling domain consists of 2987 pixels and covers an area
of approximately 2.7 km2 (Figure 2b).
2.4.2. Soil Texture and Depth
[24] The modeling domain has a spatially uniform distri-

bution of soil texture, i.e., peat that is covered almost
entirely by Sphagnum moss (2.4.6). Based on the hydraulic
conductivity profiles of Fraser et al. [2001] that show that
there is little or no lateral flow below �0.75 m, and the
water table trends reported in Roulet et al. [2007], we set
soil depth to a hydraulically ‘‘effective’’ and spatially
uniform value of 1.0 m.
2.4.3. Meteorological Forcing Variables
[25] Daily meteorological forcing variables used to drive

BEPS-TerrainLab include minimum, mean, 11-d moving
average of the mean, and maximum air temperature, dew
point temperature, precipitation, incoming shortwave radia-
tion, and wind speed. All these meteorological forcing
variables were obtained from half-hourly measurements
made continuously at a micrometeorological tower located
within the modeling domain since May 1998 [Roulet et al.,
2007]. The spatial variation of these meteorological forcing
variables was neglected, but the topographic effects on
vertical temperature distribution through elevation differ-
ences and on direct shortwave radiation through DEM-
derived slope and aspect (2.4.4), were taken into account
as described by Chen et al. [2007].
2.4.4. Digital Elevation Model
[26] To capture the topographic east-west gradient of the

macroform of the northwestern arm while neglecting topo-
graphic gradients at other scales, we interpolated a DEM
from a subset of the NCC spot height data set through local
polynomial interpolation (LPI) as implemented in the Geo-
statistical Analyst [Kevin et al., 2003] for ArcGIS version
9.1 by the Environmental Systems Research Institute (ESRI)
[2005] (Figure 2a). The result is a continuous topographic
(trend) surface that neglects microforms. Furthermore, the
derived DEM does not require any post-processing to
correct for spurious depressions and flat areas often encoun-
tered in automated drainage analysis [Garbrecht and Martz,
1997]. The DEM-based mesoscale topographic gradient of
approximately 0.001 is in good accordance with Fraser et
al. [2001]. Slope and aspect maps used for the correction of
topographic effects on direct shortwave radiation were
calculated with Spatial Analyst for ArcGIS version 9.1
[ESRI, 2005].

2.4.5. Tree and Shrub Leaf Area Indices, and Shoot
Area Index Maps
[27] In previous applications of the BEPS and TerrainLab

family of models, single remotely sensed LAI maps explic-
itly representing one vascular plant layer were used. To
consider processes related to the additional forest understory
in the most recent versions of the BEPS and TerrainLab
family of models through LAI, understory LAI was simply
calculated as an empirical function of overstory LAI [Liu et
al., 2003]. In the present study, the tree and shrub layers of
the Mer Bleue peatland are both explicitly represented
through separately mapped tree and shrub LAI based on
multiple end-member spectral mixture analysis (MESMA
[Roberts et al., 1998]) as outlined by Sonnentag et al.
[2007a]. The tree and shrub LAI maps of the Mer Bleue
peatland and its surrounding mineral wetlands developed by
Sonnentag et al. [2007a] for the peak growing season of
2005 were assumed to be representative for 2004 (Figures 2c
and 2d, respectively). Due to the restriction of the modeling
domain to the peat body of the northwestern arm (2.4.1), a
spatially uniform SAI of 1.5 for Sphagnum moss [Williams
and Flanagan, 1998] was set across the entire modeling
domain (with the exception of pixels classified as cattail
(2.4.6)).
[28] The annual cycle of the deciduous portions of both

tree and shrub LAI was estimated with a commonly used
cumulative thermal summation approach known as growing
degree days (GDD), calculated following Ju et al. [2006].
We visually observed roughly equal proportions of decidu-
ous and evergreen trees, so for tree LAI we assumed a
constant 50% contribution of each group of trees over the
modeling domain. For shrubs, we used the Moore et al.
[2002] estimate of 15% deciduous and 85% evergreen.
2.4.6. Tree, Shrub, and Sphagnum Moss
Distribution Maps
[29] Similar to mapped LAI, previous applications of the

BEPS and TerrainLab family of models are based on single
remotely sensed land cover maps [e.g., Liu et al., 1997;
Chen et al., 2005] to represent various vegetation types for
the assignment of ecophysiological parameters, the initial C
content of plant components, and the clumping index [Liu et
al., 1997]. The tree and shrub distribution maps were
generated as by-products of the LAI mapping efforts of
Sonnentag et al. [2007a]. These maps allow for a plant
functional type (PFT)-specific parameterization of peat-
lands’ multiple-layer canopy (2.5), and for the distinction
between open versus forested areas. The entire modeling
domain was ecophysiologically parameterized for Sphagnum
moss (2.5), again with the exception of pixels classified as
cattail (Table 1). We estimated that approximately 35% of
our modeling domain can be considered as open peatland
with tree LAI < 0.1, whereas 65% was thus labeled as
forested peatland with tree LAI 	 0.1 (Table 1). The
existing discrepancy of cattail, i.e., mineral wetland pixels
within our modeling domain was considered to be minor,
and thus neglected.
2.4.7. Eddy Covariance, Water Table, and Volumetric
Liquid Soil Moisture Measurements
[30] The instrumentation was mounted on an 8 m micro-

meteorological tower located approximately 250 m north of
the southern margin in the eastern, open area of the
modeling domain. Both latent heat [W m�2] and CO2

Table 1. Tree, Shrub, and Moss Ground Cover Distribution

Statistics of the Modeling Domain (2.4.1)

Tree Layer
Shrub
Layer

Moss Ground
Cover,

Black
Spruce/
Tamarack

Mixed
Forest Shrubs Cattail

Sphagnum
Moss

Number of pixels 1772 167 2923 64 2987
Coverage (%) 59.32 5.59 97.88 2.14 100
Total coverage (%) 64.91 100 100
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[mmol m�2 s�1], i.e., NEE, were measured as net fluxes with
the EC technique at a height of 3 m above the average
hummock ground surface [Lafleur et al., 2001]. Roulet et
al. [2007] outline the quality assessment and post-processing
procedures following the FCRN protocol. Further details on
the instrumentation and themeasurements, the post-processing
including filtering and gap filling, energy balance closure,
and the diverse range of additional environmental measure-
ments, is provided by Lafleur et al. [2001, 2003, 2005a]
and Roulet et al. [2007]. Daily ET [mm] was derived from
half-hourly average measurements of latent heat [Lafleur et
al., 2005a]. Single half-hour measurement gaps were filled
through linear interpolation, and for evaluation purposes we
only used days with a minimum of 36 measured/gap-filled
values. Daily GEP [g C m�2 d�1] was derived from half-
hourly average measurements of CO2 as the difference
between modeled ecosystem respiration (ER) based on the
nighttime-measured NEE–temperature function [Lafleur et
al., 2001], and gap-filled NEE. Under the assumption that
photorespiration is negligible, GEP ffi GPP. We acknowl-
edge the uncertainty involved in the comparison between
simulated total GPP and NEE-derived GEP that uses
empirically modeled ER, but for the assessment of the
differences between two simulation scenarios and not for
the reproduction of a time series of a first-order measure-
ment, it is adequate. For the comparison of simulated with
measured fluxes, we used spatial averages of simulated total
ET and GPP representing a highly simplified circular
footprint of the micrometeorological tower with a radius
of 135 m, i.e., 4.5 30 m-pixels. Continuous WTD measure-
ments in two wells and continuous qv-soil measurements
along time domain reflectometry (TDR) profiles in a hum-
mock and a hollow close to the micrometeorological tower

were made with reference to the average hummock ground
surface [Lafleur et al., 2005b].

2.5. Ecophysiological and Soil Hydraulic
Parameterization

[31] For the ecophysiological parameterization of the tree
and shrub layers (Table 2) we mostly followed Chen et al.
[1999] and Liu et al. [2002]. For the hydraulic parameter-
ization of the peat profile we mostly relied on literature
values (Table 3). Two of the most important soil hydraulic
parameters in approaches based on Wigmosta et al. [1994]
are lateral saturated hydraulic conductivity (Ksat-lat) and the
decay rate of lateral and vertical saturated hydraulic con-
ductivity (l). For Ksat-lat at the ground surface we assumed a
value that is one order of magnitude higher than the average
value reported by Fraser [1999] at a depth of 0.5 m (2.3).
We parameterized l following a classification provided by
Ju et al. [2005]. However, at the higher temporal and spatial
resolutions of our study, and due to the vertical restriction of
soil depth to the hydraulically ‘‘effective’’ portion of the
peat profile that neglects the very poorly drained lower
portions of the peat profile (2.4.2), it can be assumed that
the peatland behaves well-drained as indicated by the
relatively high values for lateral hydraulic conductivity
close to the ground surface described by Fraser [1999]
and Fraser et al. [2001].

2.6. Simulation Strategy and Scenarios, and
Performance Evaluation

[32] In order to investigate the influence of mesoscale
topography and thus a peatland’s macroform on wetness,
and water vapor and CO2 fluxes, we performed two model
simulation scenarios using BEPS-TerrainLab adapted to

Table 2. Plant Functional Type (PFT)-Specific Ecophysiological Parameters for Stomatal Conductance and Photosynthesis Calculations

With BEPS-TerrainLab, and Their Descriptions, Units, Values, and Referencesa

Symbol (Parameter) Unit

Tree Layer Shrub Layer Moss Ground Cover,

Black
Spruce/Tamarack

Mixed
Forest Shrubs Cattail

Sphagnum
Moss

W (Clumping index) - 0.62b 0.8c 1.0d 1.0c n.a.
Vmax25 (Max. carboxylation rate at 25�C) mmol m�2 s�1 20c 20c 55e 55f 13g

Nmax-leaf (Max. leaf nitrogen content) % 1.5h 1.5h 1.5h 1.5h 1.5h

Nleaf (Leaf nitrogen content) % 1.2i 1.2i 1.2i 1.2i 1.2i

gs-max(Max. stomatal conductance) m s�1 0.0016j 0.003k 0.005l 0.005l n.a.
gs-min(Min. stomatal conductance) m s�1 0.0j n.a.
Tp-max(Max. air temp. for photosynthesis) �C 40m

Tp-opt(Opt. air temp. for photosynthesis) �C 25m

VPDopen(vapor pressure deficit at stomatal opening) kPA 0.2n n.a.
VPDclose(vapor pressure deficit at stomatal closure) kPA 2.0n n.a.

aNotes: n.a., not applicable.
bSonnentag et al. [2007a].
cThis study.
dSonnentag et al. [2007b].
eAfter Berryman [2006].
fUnpublished measurements (M.-C. Bonneville, personal communication).
gWilliams and Flanagan [1998].
hBonan [1995].
iBased on Kimball et al. [1997].
jChen et al. [1999].
kLiu et al. [2002].
lAfter Liu et al. [2002].
mKimball et al. [1997].
nDang et al. [1997].
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northern peatlands. The first (s1) of our simulation scenarios
considers shallow lateral subsurface flow at the mesoscale,
and the second (s2) ignores shallow lateral subsurface flow.
Conceptually, the rather hypothetical scenario s2 is equiv-
alent to the approach pursued by Comer et al. [2000] and
Potter [1997], where the model did not have the capacity to
consider the influence of topography at any scale. In both
scenarios the model was run for 2004, and the simulation
results were analyzed for the snow-free period of 2004 from
day of year (DOY) 97 (April 6) to DOY 336 (December 1)
for which continuous WTD measurements are available.
The water table was initialized in both scenarios with the
water table of DOY 365 obtained from a model run in s1 for
2003.
[33] The performance of the model was evaluated by the

coefficient of correlation (r) of the linear correlation and the
RMSE between model outputs and measurements. In addi-
tion, we assessed the closeness of the linear correlations
between model outputs and measurements to the ideal 1:1
line by testing for the statistical significance of the differ-
ences of the intercepts of the linear correlations from 0 and
the slopes from 1 using F tests. Our main criterion for the
quantification of the influence of mesoscale topography on
water vapor and CO2 fluxes was the closeness of the linear
correlations to the ideal 1:1 line, as quantified by the p-values
for intercept = 0 and slope = 1. The level of significance of all
statistical tests was fixed at 0.05, and all statistical analyses
were conducted with the SAS System version 9.1.3 [SAS
Institute, 2005].

3. Results

3.1. Simulated Water Table Depth, Volumetric Liquid
Soil Moisture Content, and Soil Water Balance

[34] The wetness of a peatland defined by WTD and qv-soil
affects stomatal conductance and gs-Sphag. Thus, the reliable
simulation of water vapor and CO2 fluxes depends, to a
large extent, on the reliable simulation of WTD and qv-soil.
The effect of Mer Bleue’s macroform on simulated WTD

and qv-soil is demonstrated through comparison of model
outputs obtained from s1 and s2 with measured WTD and
qv-soil (Figures 3a and 3b, respectively). Overall, simulated
WTD in s1 responds to precipitation inputs similarly to
measured values, i.e., rapid decreases in WTD (Figure 3a).
The seasonal variation and the magnitude of measured
WTD is captured reasonably well in s1 (r = 0.81, RMSE =
0.05 m, n = 240).
[35] In s2, the magnitude of simulated WTD is consider-

ably underestimated due to the lack of lateral subsurface
flow that sheds water toward the margins of the peat body,
with the result that the water table is at or very close to the
ground surface over the entire analyzed time period (Figure
3a). At the Mer Bleue peatland, qv-soil is measured with
respect to microform under a hummock and a hollow at
very high temporal, horizontal and vertical resolutions
(2.4.7). The model used in our study employs a simple
vertical stratification of the peat profile, and is applied at a
comparatively coarse spatial resolution at a daily time step
neglecting the influence of microtopography on peatland
hydrology. Thus, simulated qv-soil has to be considered as a
daily, horizontal and vertical average, representative of a
relatively large area, i.e., one pixel of our modeling domain.
The scale incompatibilities between measured and simulated
qv-soil limit the significance of their quantitative comparison
for evaluation purposes as demonstrated through the qual-
itative comparison of qv-soil measured at different depths
under two different microforms and simulated qv-soil
(Figure 3b). In s1, the model captures the seasonal variation
of qv-soil reasonably well, and responds correctly with an
increase in qv-soil to precipitation inputs. In s2, qv-soil is
calculated when the water table is not at the ground surface,
and the few high values indicate the generally wetter
conditions compared to s1.
[36] The simulated components of the soil water balance

(equation (4)) between DOY 97 and DOY 336 in 2004 for
s1 and s2 at the micrometeorological tower (footprint) are
shown in Figure 4. In s1, vascular plant transpiration,
mostly shrubs, and moss evaporation together account for

Table 3. Soil Hydraulic Parameters of the Peat Profilea

Parameter Symbol Unit Value Reference

Porosity (ffi saturated volumetric
liquid soil moisture content)

f (ffi qv-s) - 0.60 after Beringer et al. [2001]

Field capacity qv-fc - 0.30 this study
Permanent wilting point qv-pwp - 0.15* this study
Lateral saturated hydraulic conductivity
at the ground surface

Ksat-lat m s�1 4.6*10�3 after Fraser et al. [2001]

Vertical saturated hydraulic conductivity
at the ground surface

Ksat-vert m s�1 4.6*10�6** this study

‘‘Effective’’ ground surface hydraulic
conductivity for infiltration

Ksurf m s�1 4.6*10�6*** this study

Decay rate of lateral and vertical
saturated hydraulic conductivity

l m�1 2 after Ju et al. [2005]

Pore size distribution index b - 5 Beringer et al. [2001]
Depth coefficient of tree root distribution btree - 0.943 Jackson et al. [1996]
Depth coefficient of shrub root distribution bshrub - 0.914 after Jackson et al. [1996]

and Moore et al. [2002]
aNotes: *, Assuming that permanent wilting point is 50% of field capacity. **, Assuming that vertical saturated hydraulic

conductivity is three orders of magnitude smaller than lateral saturated hydraulic conductivity [Fraser et al., 2001]. ***,
Assuming that ‘‘effective’’ ground surface hydraulic conductivity for infiltration is equal to vertical saturated hydraulic
conductivity at the ground surface.
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the loss of 48% of the infiltrated water, indicating the
importance of ET in the water balance of the Mer Bleue
peatland, as described by others [Lafleur et al., 2005a;
Ouyang et al., 2008]. Since no storage change and surface
runoff occurs over the analyzed time period, the remaining
52% of the infiltrated water is lost through saturated
subsurface runoff. In s2, the dominant pathway of water
loss is through surface runoff (57%). With no change in
storage over the analyzed time period and with the neglect
of saturated subsurface runoff, vascular plant transpiration
together with moss evaporation accounts for the loss of the
remaining 43% of infiltrated water.

3.2. Evapotranspiration and Gross Primary
Productivity

[37] Within the footprint of the micrometeorological
tower, simulated total ET agrees well with measured ET
in s1 (r = 0.91, RMSE = 0.45 mm, n = 178), but the model
has the tendency to slightly underestimate measured ET
(Figure 5a). Simulated total ET in s2 agrees similarly well
with measured ET (r = 0.91, RMSE = 0.50 mm, n = 178).
However, in s2, simulated total ET is on average daily
further underestimated by about 10% due to increased
wetness in comparison to s1, with values ranging between
14% daily overestimation (DOY 143) and 57% daily
underestimation (DOY 322).
[38] In both scenarios, the intercepts of the linear corre-

lations between measured and simulated total ET are not
significantly different from 0 (s1: p = 0.2191; s2: p =
0.6768).The difference in the slopes of the linear correla-
tions (s1: slope = 0.87; s2: slope = 0.82), both of which are
significantly different from 1 (s1: p < 0.0001; s2: p <
0.0001), statistically indicates the slight further underesti-
mation of simulated total ET in s2 compared to s1. The
main contributor to simulated total ET is the shrub layer in
both scenarios. The overall difference in simulated total ET
between s1 and s2 is about 30 mm or 8% (Figure 5c).
[39] The net influence of mesoscale topography on sim-

ulated total ET is to be attributed to the contrasting effects of

increased wetness, i.e., lower WTD and higher qv-soil, on
stomatal conductance and gs-Sphag of water vapor and thus on
the contributions of the different components of equation (6)
to simulated total ET (Figures 6a–6f). The lack of saturated
subsurface runoff and the resulting underestimation of WTD

Figure 4. Soil water balance for the period between DOY
97 and DOY 336 in 2004 for s1 and s2 at the
micrometeorological tower (footprint) after equation (4)
(P, precipitation; I, total intercepted precipitation by the tree
and shrub layers; T, total transpiration by the tree and shrub
layers; Em, moss evaporation; R, surface runoff; Q,
saturated subsurface runoff;DSsat, saturated storage change;
DSunsat, unsaturated storage change).

Figure 3. Comparison between (a) 5-d averages of measured and simulated water table depth (WTD)
and (b) 2–5-d averages of measured (at depths referenced to the average hummock ground surface) and
simulated volumetric liquid soil moisture content (qv-soil) between DOY 97 and DOY 336 in 2004 for s1
and s2 at the micrometeorological tower (pixel), shown together with 5-d sums of precipitation.
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in s2 leads to additional flooding stress in the already wet
peat profile, causing sustained decrease in shrub stomatal
conductance (Figures 6a and 6b, respectively). Over the
summer months June, July, August, and early fall (DOY
150–273), the difference in shrub stomatal conductance
between s1 and s2 reaches a maximum due to the maximum
difference in wetness between the two scenarios. For the
remainder of the analyzed period (DOY 274–336), shrub
stomatal conductance declines in both s1 and s2 following
the seasonal trend with decreasing air temperature and solar
radiation. In addition to differences in shrub stomatal
conductance between s1 and s2, the increased wetness in
s2 affects the differentiation between unsaturated and satu-

rated shrub transpiration components (Figures 6c and 6d,
respectively). However, due to the overall decrease in shrub
stomatal conductance in s2, less water is transpired by the
shrub layer in total as indicated by the difference of about
47 mm or 19% in simulated shrub ET (Figure 5c). The
contribution of the moss ground cover to simulated total ET
is increased in s2 over s1 by about 28 mm or 30% as a result
of increased wetness. Under the saturated or fairly wet peat
profile in s2 resulting in higher qSphag, gs-Sphag of water
vapor remains at or close to the maximum value, thus more
water is evaporated by the moss ground cover (Figures 6e
and 6f, respectively).

Figure 5. Comparison between 1 and 5-d averages of simulated total and measured evapotranspiration
(ET) (a) and between 5-d averages of simulated total gross primary productivity (GPP) and gross
ecosystem productivity (GEP) derived from EC-measured net ecosystem exchange (NEE) (b), scatterplots
between daily simulated total and measured ET (c) and between daily simulated total GPP and GEP
(d), and effect of neglecting lateral saturated subsurface flow on the contributions of the tree and shrub
layers, and moss ground cover to simulated total ET (e) and to simulated total GPP (f) between DOY 97
and DOY 336 in 2004 for s1 and s2 at the micrometeorological tower (footprint).
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[40] In s1, the model captures the seasonal variation of
gross photosynthesis within the footprint of the microme-
teorological tower (r = 0.92, RMSE = 0.80 g C m�2 d�1, n =
240), but has the general tendency to slightly overestimate
GEP, especially during spring (Figure 5b). In s2, the model
captures the seasonal variation of GEP similarly well, but in
contrast to the overestimation of GEP in spring, GEP is
underestimated due to increased wetness. The daily differ-
ence of simulated total GPP between s1 and s2 is about 11%
on average, ranging between <1% (DOY 320) and 23%
underestimation (DOY 204). However, increased wetness
results in the same value for r (0.92, n = 240) and only a
slightly higher value for RMSE (0.82 g C m�2 d�1, n =
240), which both still indicate a tight relationship between
simulated total GPP and GEP (Figure 5d). In s1, the slope
and the intercept of the linear correlation between simulated

total GPP and GEP are not significantly different from 1 (p =
0.2812) and 0 (p = 0.4215), respectively. However, in s2,
both the slope and the intercept of the linear correlation
between simulated total GPP and GEP are significantly
different from 1 (p < 0.0001) and 0 (p = 0.0493), which
statistically captures the underestimation of simulated total
GPP due to increased wetness.
[41] The overall difference in simulated total GPP be-

tween s1 and s2 is about 86 g C m�2 period�1 or 13%.
Similar to the reduction in transpiration due to decreased
stomatal conductances under increased wetness, the contri-
butions of the tree and shrub layers to simulated total GPP
in s2 are also reduced due to decreased stomatal conduc-
tances (Figure 5d). However, the effect of increased wetness
on gs-Sphag of CO2 differs from its effect on gs-Sphag of water
vapor. Contrary to gs-Sphag of water vapor, gs-Sphag of CO2

Figure 6. Simulated relationships (5-d averages) between sunlit and shaded shrub stomatal
conductances (gs-shrub) and volumetric liquid soil moisture content (qv-soil) for s1 (a) and s2 (b), between
shrub transpiration from the unsaturated and saturated zones and water table depth (WTD) for s1 (c) and
s2 (d), and between moss surface conductance (gs-Sphag) of water vapor and moss evaporation for s1
(e) and s2 (f) between DOY 97 and 336 in 2004 at the micrometeorological tower (pixel).
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declines after the initial increase reaching a maximum value.
As a result, the contribution of the moss ground cover to
simulated total GPP is also reduced in s2, albeit just slightly
within the footprint of the micrometeorological tower.
[42] Variation of tree and shrub LAI as part of a simple

sensitivity analysis in s1 (data not shown) showed that
shrub ET and GPP had the biggest impact on simulated
total ET and GPP, whereas the impact of hydraulic param-
eters such as Ksat-lat and l was rather negligible.

3.3. Effect of Mesoscale Topography on the Spatial
Distributions of Evapotranspiration and Gross Primary
Productivity

[43] To demonstrate how the effect of mesoscale topog-
raphy on wetness and on water vapor and CO2 fluxes varies
over the entire modeling domain, we subtracted the spatial
distributions of the moss ground cover and shrub layer
contributions to simulated total ET and GPP of s1 from their
equivalents of s2 (Figures 7a–7d).
[44] Increased wetness in s2 results in increased moss

evaporation compared with s1, with the highest increase in
the topographically highest (driest), open areas toward the
eastern part of the modeling domain. The lowest increase
occurs toward the topographically lowest (wettest), forested
areas of the western part of the modeling domain (Figure 7a).
Regarding simulated total GPP, the spatial distribution of
the difference in the contribution of the moss ground cover
is different (Figure 7b). The higher (drier) topographic areas
show higher moss GPP in s2, whereas the lower (wetter)
topographic areas are characterized by moderately lower
moss GPP in s2. The highest decrease occurs at intermediate
topographic areas.
[45] The spatial distributions of the differences in the

contributions of the moss ground cover to simulated total
ET and GPP are mainly the result of the different gs-Sphag of

water vapor and CO2 with increasing qSphag. However, to a
certain degree they are also controlled by the spatial
variation of the vertical vegetation structure, i.e., open
versus forested areas (Figures 2c and 2d, respectively).
Open areas in s1 are generally drier than forested areas,
and thus increased wetness in s2 generally results in greater
increase in moss evaporation and greater decrease in moss
GPP in open than in forested areas.
[46] The differences in the contributions of the shrub

layer to simulated total ET and GPP show similar spatial
distributions (Figures 7c and 7d, respectively) as a result of
the decrease in shrub stomatal conductance under increased
wetness in s2. The highest decrease in shrub ET and GPP in
s2 is associated with the highest topographic areas, whereas
lower topographic areas show a lower decrease. Similar to
the contributions of the moss ground cover, the spatial
variation of the vertical vegetation structure and its influ-
ence on wetness also affects the spatial distributions of the
differences in shrub ET and GPP. Higher, open areas are
characterized by a larger decrease in shrub stomatal con-
ductance in s2 than lower forested areas. As a result, the
decrease in the contribution of the shrub layer to simulated
total ET and GPP is larger in open than in forested areas.

4. Discussion

[47] For this study, we adapted an existing spatially
distributed, process-oriented ecosystem model, BEPS-
TerrainLab, to northern peatlands. Other recent efforts of
adapting the structure of an existing process-oriented eco-
system model to northern peatlands are described by Yurova
et al. [2007] and, similarly but with a focus on poorly
drained forests, by Bond-Lamberty et al. [2007]. Our study
is based on a peatland’s macroform, which we represent as a
trend surface derived through LPI (Figure 2a). The macro-

Figure 7. Spatial distributions of the differences in the contributions to simulated total ET and GPP by
the moss ground cover (a) and (b), respectively, and the shrub layer (c) and (d), respectively, in s1 and s2
between DOY 97 and DOY 336 in 2004.
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form influences peatland hydrology (Figures 3a and 3b,
respectively, Figure 4, Figures 5a and 5c, respectively) and
CO2 exchange (Figures 5b and 5d, respectively) through
shallow lateral subsurface flow.
[48] An important and common feature of northern peat-

lands is the seasonal, spatially non-uniform fluctuation of
ground surface elevation following the fluctuation of water
table elevation due to mechanisms such as flotation, com-
pression, shrinkage, freezing, and gas volume changes. As a
result, the structure and thus the hydraulic properties of the
peat profile change over time. However, neither the models
of Bond-Lamberty et al. [2007] and Yurova et al. [2007],
nor the model used in our study, take into account the
temporal variation of soil hydraulic parameters in the
simulation of the soil water balance. A simple approach
for this purpose was recently introduced by Camporese et
al. [2006]. Currently, no data is available on the fluctuation
of ground surface elevation at the Mer Bleue peatland.
[49] Implicitly (from a soil water balance perspective)

including the moss ground cover in BEPS-TerrainLab stems
from the simple treatment of a soil profile in the model
based on just two (dynamic) layers, i.e., an unsaturated and
a saturated zone. While this simple approach allows for the
computationally efficient and adequate representation of the
moss ground cover in the model, thus acknowledging its
importance for the overall ecosystem functioning, it does
not allow for the explicit calculation of qSphag [Beringer et
al., 2001; Yurova et al., 2007], which should include moss
interception. This important process has generally been
ignored in the usually simplified calculation of qSphag using
various approaches [e.g., Beringer et al., 2001; Bond-
Lamberty et al., 2007; Yurova et al., 2007].
[50] BEPS-TerrainLab has the general tendency to over-

estimate especially the lower values of GEP occurring
throughout the spring when using a constant value for Vmax

(equation (8)). A similar observation in simulated total GPP
is reported by Arain et al. [2006] for a western temperate
coniferous forest in British Columbia, Canada, also using an
approach based on Farquhar’s model. In their study they
show that the overestimation might be attributable to leaf N
status and thus leaf Rubisco N used for the calculation of
Vmax in Farquhar’s model. Our simple approach of equation
(9) partially captures the seasonal variation of leaf N status
and thus allows for the calculation of seasonally varying
Vmax, which improves the agreement between simulated
total GPP and GEP (Figure 5b) compared to simulations
using a constant value for Vmax (data not shown). However,
this agreement could probably be further improved by
appropriate consideration of plant-soil N cycle processes
in order to explicitly calculate leaf N status [e.g., Arain et
al., 2006; Liu et al., 2005].
[51] In the BEPS and TerrainLab family of models, the

simplified representation of a multiple-layer vegetation
canopy and the associated processes related to energy, water
vapor, and CO2 exchange is based on remotely sensed LAI
and land cover maps. The technique based on MESMA
using a three end-member model [Sonnentag et al., 2007a]
includes shadow to separately map tree and shrub LAI
(Figures 2c and 2d, respectively). However, it has to be
assumed that shrub LAI is slightly underestimated, whereas
tree LAI is slightly overestimated, especially close to the
margins of the Mer Bleue peatland. Shadow produced by

shrubs was determined as 9% on average, thus pixels with
shadow fractions of more than 9% were assigned a value for
tree LAI. With decreasing distance to the margins, the shrub
layer gets higher than the average shrub height of 0.20 m,
and thus produces more than 9% shadow in a pixel. The
difference is assumed to be caused by trees resulting in a
value for tree LAI despite the lack of trees. As a result, the
contribution of the shrub layer to simulated total ET
(Figure 5c) and GPP (Figure 5d) is slightly underestimated,
whereas the contribution of the tree layer to both fluxes is
slightly overestimated, considering the location of the
micrometeorlogical tower in an open area with only a few
individual trees.

5. Summary and Conclusions

[52] We used a further developed version of BEPS called
BEPS-TerrainLab that we adapted to northern peatlands to
investigate the influence of mesoscale topography defining
a peatland’s macroform on wetness, ET, and GPP in a
typical raised bog through comparison and evaluation of
model outputs obtained from two different simulation
scenarios. From the results of our study, we conclude that:
[53] 1. Our approach to capture mesoscale topography

through LPI while ignoring microscale topographic effects
results in a reliable simulation of the two key hydrological
parameters defining the wetness of a peatland, i.e., WTD
and qv-soil.
[54] 2. Separately mapped tree and shrub LAI with

MESMA are suitable for explicitly representing the multiple-
layer canopy of ombrotrophic peatlands in a spatially
distributed, process-oriented ecosystem model such as
BEPS-TerrainLab.
[55] 3. Mesoscale topography with a very small gradient

of 0.001 slightly affects simulated total ET: under wetter
conditions, simulated total ET generally decreases relative
to the case with resolved mesoscale topography, but the
decrease in vascular plant transpiration is partially compen-
sated by an increase in moss evaporation.
[56] 4. Mesoscale topography affects simulated total

GPP: under wetter conditions, simulated total GPP gener-
ally decreases relative to the case with resolved mesoscale
topography, but the contribution of each vegetation layer to
the net decrease varies spatially in dependence of the
mesotopographic position.
[57] 5. The differences in the spatial patterns of simulated

total ET and GPP are mainly controlled by the mesotopo-
graphic position of the moss ground cover, which controls
its spatially varying contributions to simulated total ET and
GPP through its differences in gs-Sphag of water vapor and
CO2 with increasing qSphag.
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