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[1] We examine variability in carbon dioxide (CO2) exchange as a function of
meteorological conditions using static chambers across a peatland microtopographic
gradient (high hummock, low hummock, lawn and hollow microforms) between June and
August 2006, 2007, and 2008. Total June to August precipitation increased during the
study period with 285 mm in 2006, 320 mm in 2007, and 369 mm in 2008, whereas
monthly average temperature was similar among years, with the exception of August 2008,
which was 2.4°C warmer than previous years. Significantly different relationships between
photosynthetic photon flux density and net ecosystem exchange (NEE) were observed in
2008 on three of the four microforms corresponding with the different meteorological
conditions. The controls on CO2 exchange varied among microforms: a water table
closer to the peat surface increased NEE on the high and low hummocks by increasing
maximum rates of photosynthesis (PSNmax) but reduced NEE on the hollow microform
by flooding the surface vegetation and reducing PSNmax. Water table position was a
significant control on ecosystem respiration (ER) only on the lawn microform. We
examine relationships between water table position and PSNmax and ER, and propose a
theoretical relationship, which supports results from other studies examining water table
position and peat accumulation.
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1. Introduction

[2] Boreal and subarctic peatlands cover only 3% of
Earth’s land surface and store the equivalent of 50% of
carbon (C) found in the atmosphere as carbon dioxide (CO2)
[Turunen et al., 2002; Intergovernmental Panel on Climate
Change, 2007]. These ecosystems have accumulated C over
the Holocene because of their positive balance between net
primary production (NPP) and peat decomposition. Peat-
lands absorb CO2 through surface vegetation photosynthesis
and release C through autotrophic respiration (CO2), peat
decomposition (CO2 and methane [CH4]), and export of
dissolved organic carbon (DOC). The high water table
creates anoxic conditions and thermal properties, keeping
peat cool favors biomass production over decomposition.
Long‐term average C accumulation rates range between
8 and 38 g m−2 yr−1 [Gorham, 1991, 1995; Turunen et al.,
2002; Yu et al., 2010]. Although peatlands are a long‐term
sink for C, the interannual variability obtained from con-

temporary continuous measurements and integration of CO2

net ecosystem exchange (NEE), CH4 fluxes, and DOC
export reveal that they can also be sources of C during
certain years [Roulet et al., 2007].
[3] Bog peatlands are characterized by a succession of

microtopographic forms from hollows, where the water
table is near or above the surface, to hummocks where the
water table is tens of centimeters below the surface, with
lawns in between, creating variations in vascular plant and
moss distribution, which affect photosynthetic capacity.
Waddington and Roulet [1996] found important differences
in CO2 flux at the microform scale in a Swedish peatland,
with hummocks being a net sink for CO2, whereas hollows
were a net source. The NEE of bogs is generally smaller
than fens, the latter having greater aboveground biomass of
Cyperaceae, which leads not only to more CO2 uptake but
also higher respiration rates than bogs [Bellisario et al.,
1998; Frolking et al., 1998].
[4] Interannual variability in growing season CO2 fluxes

has been strongly linked to changes in precipitation patterns.
Using eddy covariance CO2 exchange data from four fen
and two bog sites, Sulman et al. [2010] reported that wetter
summer conditions at the fens led to smaller gross ecosys-
tem photosynthesis (GEP) and ecosystem respiration (ER),
whereas at the bogs this led to larger GEP and ER; there was
no distinct change in NEE with water table in either fen or
bog sites. Bubier et al. [2003a, 2003b] measured chamber
NEE during wet and dry summers in a bog and a mineral‐
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poor fen and found an increase in respiration during the drier
summer. This increase in respiration explained most of the
differences in NEE between these 2 years in the bog and fen.
In the fen, Bubier et al. [2003b] also measured an increase
in overall uptake from evergreen and deciduous shrubs, and
an earlier senescence of Cyperaceae during the dry year.
The gross photosynthesis in the bog was not affected by the
drought, but the net CO2 uptake was reduced by increased
respiration [Bubier et al., 2003a]. In the same temperate bog
over a 6 year study, Roulet et al. [2007] found that summers‐
autumns with low water tables resulted in less CO2 uptake
that, combined with loss of C as CH4 and DOC, resulting in
a net annual loss of 13.5–0.8 g C m−2 yr−1.
[5] Field manipulations have been used to examine the

effect of lowering and raising the water table on photosyn-
thesis, respiration, and overall productivity. Riutta et al.
[2007] and Strack and Waddington [2007] both looked at
the effects of water table drawdown on CO2 dynamics in
fens with different results. Riutta et al. [2007] measured an
increase in ER and a decrease in GEP, resulting in a smaller
NEE following water table drawdown, with Sphagnum
mosses being the most affected by the lowered water table.
Strack and Waddington [2007], in contrast, measured no
significant differences in CO2 exchange in a poor fen 3 years
after lowering the water table initially by 20 cm, owing to
peat subsidence, although there were differences in the
response of the microforms at the site. Hollow respiration
and GEP both increased following water table drawdown,
probably due to the observed increase in vascular plant
cover [Strack and Waddington, 2007]. In an Alaskan‐rich
fen, Chivers et al. [2009] examined the effect of an exper-
imentally raised water table on ecosystem CO2 fluxes
without distinguishing among microforms. Their results
show increased gross primary production (GPP) in the raised

water table treatment, which was mainly driven by an early
spring GPP attributed to mosses. In their bog mesocosm
experiment, Bridgham et al. [2008] measured an increase in
productivity and C accumulation following a rise in the
water table, whereas the fen mesocosms showed a less
pronounced increase.
[6] In this study, we present the results of CO2 exchange

measured between June and August 2006–2008 in a bog
located in midboreal Québec, Canada. The research is part
of the Eastmain‐1 (EM‐1) project (www.Eastmain1.org),
which aims at determining the net greenhouse gas emissions
from a hydroelectric reservoir by comparing prior and post
impoundment terrestrial and aquatic fluxes. Measurements
of CO2 exchange presented in this article represent part of
the work undertaken to quantify C dynamics from peatlands
in the region. We examine NEE variations at the microform
scale, examining relationships between environmental vari-
ables and maximum rates of photosynthesis (PSNmax) and
ER. We hypothesize that the NEE response of microforms
to variations in precipitation will differ across the micro-
topographic gradient because of the different effect water
table position has on photosynthesis and respiration at the
microform level. Several studies have looked at NEE
response to a decrease in water table position [e.g., Strack
and Waddington, 2007; Strack and Price, 2009], but none
has documented the effect of naturally raised water table
position on the microform NEE response.

2. Methods

2.1. Study Area, Peatland Description, and Climate

[7] The study area is located about 180 km inland from
the east coast of James Bay in the humid midboreal wetland
region at the northern limit of the closed boreal forest

Figure 1. Study area and location of Lac le Caron (LLC) peatland.
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[National Wetlands Working Group, 1988] (Figure 1).
Peatlands cover approximately 7% of the region with bogs,
representing the main peatland feature (98% bogs and 2%
fens [Grenier et al., 2008]). The bedrock is mainly com-
posed of gneiss and granite covered by lodgement/melt till,
as well as fluvioglacial and aeolian deposits left after the
retreat of the ice sheet water and wind activity [Eakins et al.,
1968; D. Brosseau, unpublished data, 2008].
[8] Lac le Caron (LLC) bog (52°17′N, 75°32′W; altitude:

248 m) covers ∼247 ha and is bordered on the west side by a
40 m escarpment and a small river flowing southward on its
east side (Figure 1). This ombrotrophic peatland is charac-
terized by a hummock‐lawn‐hollow‐pool pattern. The
average peat thickness is 2.63 m, with a maximum of 5.35 m
[Dallaire and Garneau, 2008], and basal dates indicate that
peat started to accumulate 7520 years BP [van Bellen et al.,
2011].
[9] There are no long‐term temperature and precipitation

data available for the EM‐1 region. The nearest stations with
a 30 year average are located near Radisson (200 km north)
and Chibougamau (280 km south). Monthly precipitation and
temperature between June and August 2006–2008 obtained
from an onsite meteorological tower are presented in
Figure 2. Total June to August precipitation increased
during the study period with 285 mm in 2006, 320 mm in
2007, and 369 mm in 2008. The average temperature for June
and July were within 1.5°C for all 3 years, with the most
important difference in monthly average temperature being in
August 2008 with 15.3°C compared to 12.9°C and 12.8°C in
August 2006 and 2007, respectively.

2.2. Experimental Setup

[10] In June 2006, eight collars (diameter 25 cm) were
installed in the LLC peatland. Sets of two collars were
installed on different microforms, following the moisture/
vegetation gradient: high hummock, low hummock, lawn,
hollow (Table 1). Wood planks were installed on the peat
surface to minimize disturbance during measurements. PVC
tubes were inserted in the peat to measure water table
position next to each microform where gas flux was mea-

sured. CO2 fluxes were measured once a month over 1
(2006 and 2008) or 2 weeks (2007) between June and
August. The remoteness of the site, accessible only by
helicopter, explains the frequency of sampling and the
number of replicate collars per microform.

2.3. CO2 Flux Measurements

[11] Net ecosystem exchange CO2 measurements were
made using a closed system comprising three components:
(1) a PP Systems EGM‐4 (Amesbury, Massachusetts, USA)
infrared gas analyzer (IRGA), (2) a static chamber, and (3) a
cooling system to keep the temperature inside the chamber
close to ambient. The Plexiglas chamber material transmits
approximately 96% of the incoming light. The cooling
system consisted of a heat exchanger in the chamber and a
water pump submerged in a bucket filled with cold water.
For each sampling, the chamber was installed on the collar
for 3 min, with CO2 concentration recorded every 10 s
during the first minute and every 30 s for the last 1.5 min.
For each sampling of a collar, four measurements were
made under different light conditions, simulated by covering
the chamber with shrouds. The chamber had no shroud for
the first measurement and the second, third, and fourth
included shrouds allowing 54%, 27%, and 0%, respectively,
of the light to enter. Between each run, the chamber was
ventilated to reach ambient CO2 concentration. The fluxes
were calculated by linear regression using the CO2 con-
centration change during the 2.5 min period. The IRGA was
calibrated prior to each field campaign using a CO2 standard
of 400 ppm by volume (ppmv). Photosynthetic photon flux
density (PPFD) in mmol m−2 s−1 was measured with a PAR‐1
light sensor (PP Systems, Amesbury, Massachusetts). Water
table position and peat temperature were recorded at each
microform at time of measurement. Peat temperature was
measured at 5, 10, 20, 30, and 40 cm depths using a Hannah
HI935005 K‐thermocouple thermometer probe.

2.4. Data Analysis

[12] The relationship between NEE and PPFD was exam-
ined using a rectangular hyperbola curve (equation (1)). The

Figure 2. Monthly average precipitation and temperature for May−September 2006–2008 at Petit Opi-
naca meteorological station.
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sign convention is negative for CO2 uptake by the peatland
and positive for CO2 release to the atmosphere:

NEE ¼ Pmax * � * PPFD= Pmax þ � * PPFDð Þð Þ þ ER; ð1Þ

where a is the initial slope of curve, Pmax is the maximum
gross productivity, and ER is the dark respiration value.
[13] Since NEE = GPP + ER, water table position and peat

temperature controls on overall NEE were assessed by look-
ing at GPP and ER separately. Because Pmax assumes infinite
PPFD, maximum rates of photosynthesis (PSNmax) were
calculated from all GPP with PPFD > 1000 mmol m−2 s−1

[Bubier et al., 2003a]. Statistical differences in the rectan-
gular hyperbola parameters (a, Pmax, and NEEcap) between
years were determined from confidence intervals, whereas
one‐way analyses of variance (ANOVAs) were performed
on PSNmax and ER to assess differences between years.

2.5. Vegetation

[14] At the end of the 2008 growing season, aboveground
vegetation in 50 × 50 cm plots representative of each
microform was collected and stored in plastic bags. For the
Sphagnum spp., the capitula mass was estimated from a 10 ×
10 cm area within the plot. Vegetation was identified and
divided into leaves and stems, dried in an oven at 70°C for
48 h and weighed (Table 1).

3. Results

3.1. Spatial Variability

[15] The 1084 NEE measurements made between June
and August 2006–2008 revealed variable NEE‐PPFD
relationships among the microforms (Figure 3 and Table 2).
The largest NEEcap (uptake), NEE calculated for PPFD =

1800 mmol m−2 s−1, and ER (emission) rates were mea-
sured on the high hummock, whereas the hollow had the
smallest NEE CO2 (uptake) and ER rates (Figure 3). The
low hummock and lawn microforms had a similar range for
Pmax (−16 to −31 g CO2 m

−2 d−1 for low hummock and −16
to −24 g CO2 m

−2 d−1 for lawn), but ER was generally larger
on the low hummock microform (Table 2). Our results
support the findings of other studies [Frolking et al., 1998]
that CO2 uptake saturates at a PPFD of ∼1000 mmol m−2 s−1.
However, PPFD appeared to have a minor influence on NEE
at the hollow microform and the rectangular hyperbola
relationship fitted poorly in 2006 and 2007 (r2 < 0.55) and
could not be fitted in 2008.

3.2. Interannual Variability

[16] The NEE‐PPFD relationships varied significantly
among the 2006–2008 growing seasons and the magnitude
of the variations differed between microforms (Figure 3 and
Table 2). The largest year‐to‐year variations were measured
on the high and low hummocks with NEEcap ranging from
−17.4 to −30.7 and −6.43 to −19.9 g CO2 m−2 d−1,
respectively. The high and low hummock microforms had a
larger NEE in 2008 than in 2006 and 2007 as soon as PPFD
> 500 mmol m−2 s−1. The high hummock microform greater
NEE at PPFD > 500 mmol m−2 s−1 in 2008 is explained by a
significant increase in PSNmax over 2006 and 2007 (p <
0.05), combined with no significant change in ER (p > 0.05)
(Table 2). On the low hummock, a combined increase in
PSNmax and a decrease in ER during 2008 compared to
2006 and 2007 explained the greater NEE for PPFD >
500 mmol m−2 s−1 (Table 2). The lawn and hollow microform
ranges of NEEcap were much smaller than high and low
hummock, being −11.0 to −14.7 and −0.16 to −0.99 g m−2 d−1,
respectively. On the lawnmicroform, the effect of interannual

Table 1. Microforms, Vegetation Description, Aboveground and Green Biomass, and Water Table Position, 2006–2008a

Microform Vascular Plants Bryophytes

Total
Aboveground Biomass

(g m−2)
Green Biomass

(g m−2)
Water Table

(cm)

HH Kalmia angustifolia,
Chamaedaphne calyculata,

Kalmia polifolia,
Andromeda glaucophylla,
Rubus chamaemorus,
Vaccinium oxycoccus

Sphagnum fuscum,
Sphagnum angustifolium,

Mylia anomala

431 225 2006 −33.4
2007 −39.1
2008 −26.1

LH K. angustifolia,
C. calyculata,
K. polifolia,

A. glaucophylla,
R. chamaemorus,

Carex spp.,
Eriophorum spissum,

V. oxycoccus

S. fuscum, S. angustifolium 182 127 2006 −16.3
2007 −22.6
2008 −9.1

Ln C. calyculata,
K. polifolia,
V. oxycoccus,

Carex oligosperma,
Carex spp.,

Eriophorum spp.,
Drosera rotundifolia

Sphagnum fallax, M. anomala 100 90 2006 −0.1
2007 −7.8
2008 2.3

Hw Carex spp.,
Eriophorum spp.

Sphagnum cuspidatum, Cladopodiella fluitans 36 33 2006 0.2
2007 −1.4
2008 2.3

aHH, high hummock; LH, low hummock; Ln, lawn; Hw, hollow.
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Table 2. Rectangular Hyperbola Curve Fit Parameters for Each Microform in Lac le Caron (LLC) Peatland, June–August 2006–2008a

Microform Year n a Pmax NEEcap r2 PSNmax ER

High hummock 2006 60 −0.09 (0.01) (a)b 38.5 (2.16) (a) −20.2 (2.34) (a) 0.96 −18.8 (0.82) (a) 10.8 (1.03) (a)
2007 153 −0.09 (0.01) (a) −30.1 (1.57) (b) −17.4 (1.70) (b) 0.91 −17.2 (0.75) (a) 8.55 (0.66) (a)
2008 47 −0.09 (0.02) (a) −49.9 (3.56) (c) −30.7 (3.70) (c) 0.95 −29.3 (1.52) (b) 8.13 (0.97) (a)

Low hummock 2006 51 −0.09 (0.03) (a) −16.0 (1.73) (a) −6.43 (1.91) (a) 0.87 −6.49 (0.96) (a) 8.07 (1.06) (a)
2007 137 −0.06 (0.01) (a) −19.2 (1.10) (b) −9.41 (1.22) (b) 0.88 −9.13 (0.66) (a) 6.77 (0.48) (a)
2008 36 −0.07 (0.01) (a) −31.6 (2.55) (c) −19.9 (2.54) (c) 0.96 −18.8 (1.73) (b) 5.61 (0.45) (a)

Lawn 2006 52 −0.07 (0.02) (a) −16.4 (1.30) (a) −11.0 (1.42) (a) 0.91 −11.3 (0.80) (a) 3.75 (0.78) (b)
2007 142 −0.07 (0.01) (a) −24.3 (1.11) (b) −14.7 (1.18) (b) 0.94 −13.9 (0.51) (b) 6.09 (0.44) (a)
2008 48 −0.04 (0.01) (b) −21.8 (1.57) (c) −13.8 (1.58) (c) 0.96 −13.2 (0.60) (a,b) 3.13 (0.50) (b)

Hollow 2006 48 −0.01 (0.01) (a) −1.26 (0.51) (a) −0.16 (0.42) (a) 0.40 −0.58 (0.19) (a,b) 0.99 (0.22) (b)
2007 142 −0.01 (0.01) (a) −2.34 (0.37) (b) −0.99 (0.45) (b) 0.55 −1.02 (0.22) (a) 0.94 (0.13) (b)
2008 40 – – – – 0.00 (0.00) (b) 1.98 (0.39) (a)

aNote that the rectangular hyperbola curve did not fit the hollow microform in 2008. Standard error is given in parentheses. NEEcap is NEE calculated for
PPFD = 1800 mmol m−2 s−1. See section 2.4 for symbol and abbreviation descriptions. Values of a are in g CO2 m

−2 d−1/mmol m−2 s−1. Pmax, PSNmax,
NEEcap, and ER values are in g CO2 m

−2 d−1.
bParameters within microforms are significantly different if they have no letters in common. Statistical differences in a, Pmax, and NEEcap between years

were determined from confidence intervals, whereas one‐way ANOVA were performed on PSNmax and R to assess differences between years.

Figure 3. Relationship between net ecosystem exchange (NEE) and photosynthetic photon flux density
(PPFD) at four microforms, for 2006, 2007, and 2008, fitted with a rectangular hyperbola equation.
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variations in PSNmax on NEE was attenuated by variations in
ER because years with higher PSNmax corresponded with
years with higher ER. As mentioned previously, PPFD
appeared to have a minor influence on NEE at the hollow
microform and the rectangular hyperbola relationship could
not be fitted to the 2008 hollow data set.

3.3. Environmental Correlates

[17] We used individual CO2 fluxes and seasonal averages
to establish the relationship with environmental variables,
such as water table position, peat/air temperature, and veg-
etation biomass. Across the microforms, for both the indi-
vidual and seasonal averages, PSNmax (GPP for PPFD >
1000 mmol m−2 s−1) was significantly (p < 0.05) related to
water table (r2 = 0.28 and 0.36, respectively), with a higher

water table correlated with a smaller PSNmax (Figures 4a
and 4b). However, within microforms, individual PSNmax

increased with a higher water table in high hummock and
decreased in hollow (r2 = 0.38 and 0.56, respectively, p <
0.001; Figure 4a). The relationships between individual
PSNmax and water table for the low hummock and lawn
microforms were weak and not significant (r2 < 0.06, p >
0.05), although the slope for low hummock was signifi-
cantly different from zero. The ∼13 cm rise in water table in
2008 over 2006 and 2007 created an increase of approxi-
mately 10 g CO2 m

−2 d−1 in average PSNmax in both the high
and lowhummockmicroforms.On the hollow, the rise inwater
table in 2008 was enough to suppress PSNmax, so that GPP = 0
even when PPFD was greater than 1000 mmol m−2 s−1.

Figure 4. Relationship between PSNmax and water table position (WTP) for (a) individual measurement
and (b) June‐August averages. HH, high hummock; LH, low hummock; Ln, lawn; Hw, hollow.
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[18] Across the microforms, for both the individual and
seasonal averages, ER was significantly (p < 0.001) related
to water table (r2 = 0.42 and 0.83, respectively), with a
higher water table correlated with a smaller ER (Figures 5a
and 5b). Within microforms, individual measurements of
ER were significantly correlated with water table at the lawn
(r2 = 0.65, p < 0.001), ER decreasing with a higher water
table (Figure 5a). However, the NEEcap did not vary syn-
chronously with this control, and the rise in water table in
2008 did not result in a significant variation in NEEcap.
Since ER rates are one order of magnitude smaller than
PSNmax rates on the lawn microform, the variation in ER
linked to water table position only slightly affected NEEcap

and therefore was not a dominant control on NEE on this

microform. The relationships between ER and water table
position were not significant at the high and low hummock
microforms, and a positive but weak significant (p = 0.03)
relationship was found between water table and ER at the
hollow microform. The high and low hummock microform
average seasonal ER was not statistically different between
years, whereas 2008 ER fluxes were significantly different
from 2007 but not 2006 in the lawn microform. On the
hollow, 2008 ER was significantly different from both 2006
and 2007.
[19] Air and peat temperature were weakly related to

PSNmax. Air temperature was correlated with PSNmax only
on the high hummock microform (r2 = 0.18, p < 0.001;
Table 3). The relationships between air/peat temperature and

Figure 5. Relationship between ER and water table position (WTP) for (a) individual measurement and
(b) June‐August averages. HH, high hummock; LH, low hummock; Ln, lawn; Hw, hollow.
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ER were generally stronger than for PSNmax and varied
across the microtopographic gradient (Table 3). Individual
ER fluxes on high and low hummock microforms were
more strongly correlated with air/peat temperature at 5 cm
below surface (r2 = 0.35 and 0.40, respectively; Table 3),
whereas it was more strongly correlated with air/peat tem-
perature at 40 cm below the peat surface on the lawn
microform (r2 = 0.41 and 0.43; Table 3). The relationships
between ecosystem individual R fluxes and air/peat tem-
perature on the hollow microform were weaker than for the
other microforms (r2 < 0.25).
[20] Strong stepwise regressions were found for ER fluxes

and PSNmax across the microtopographic gradient. Green
biomass was significantly positively related with yearly
summer averages of ER and PSNmax with r2 = 0.84 (p <
0.001, n = 12) and r2 = 0.71 (p < 0.001, n = 12), respectively
(Table 4). The stepwise regression was stronger for PSNmax

when water table position was added to green biomass (r2 =
0.92, p < 0.001), and when water table position and peat
temperature at 5 cm below the surface were added to green
biomass (r2 = 0.96, p < 0.001) (Table 4).

4. Discussion

[21] Our results show that NEE varied significantly
between years and microforms. These variations were con-
trolled by changes in PSNmax and/or ER linked to variation
in water table position or air/peat temperature. Several
studies have looked at the effects of water table position and
peat temperature on the C balance of temperate, boreal, and
subarctic peatlands at the microform level [e.g., Strack and
Waddington, 2007; Dorrepaal et al., 2009]. The impacts of
a lowered water table and warmer temperatures are gener-
ally the net loss of C to the atmosphere as a result of faster
decomposition and/or slower photosynthesis. The impacts of
a naturally higher water table position are less documented.
[22] In our study, a rise in water table of up to ∼13 cm in

2008 had varying effects on CO2 exchange depending on
the microform. The larger values of NEE when PPFD >
500 mmol m−2 s−1 on the high and low hummock microforms
in 2008 were the result of an increase in PSNmax associated
with a higher water table position (Figures 4a and 4b).
Bridgham et al. [2008] observed that Sphagnum fuscum
hummocks rapidly increased their productivity after a rise in
water table position, and Strack and Price [2009] also showed
that wetter Sphagnum, as a result of greater precipitation,

could lead to higher C fixation, independently of water table
position. Based on our measurements, the increase in PSNmax

on the high and low hummockmicroform cannot be attributed
to either vascular or bryophyte plants because no direct pro-
ductivity measurements based on biomass have been made in
our plots. Other studies have documented an increase in
bryophyte productivity following an increase in soil moisture
or a rise in water table depth [Szumigalski and Bayley, 1996;
Bridgham et al., 2008], andWeltzin et al. [2000] have shown
a negative relationship between shrub productivity and rise in
water table. Therefore, it is reasonable to associate the
increase in PSNmax on the high and low hummock microform
in 2008 to increased bryophyte productivity.
[23] Contrary to the high and low hummock microforms,

the 2008 rise in water table had no effect on PSNmax in the
lawn microform and had a negative effect in the hollow
microform (Figure 4a). The latter may be explained by a
higher resistance to CO2 diffusion due to higher Sphagnum
water content in accord with Rice and Giles [1996], who
measured, in a laboratory experiment, a decrease in
Sphagnum net photosynthesis due to water films. The rise in
water table turned the hollow microform into an aquatic
ecosystem or shallow pool in 2008, which released CO2 to the
atmosphere independently of the light intensity (Figure 3).
These results show that hollow microforms are very sensitive
to changes in water table position. Strack and Waddington
[2007] also measured an increase in CO2 uptake following
drop of the water table on their hollow microform as a result
of increased vascular plant cover.
[24] NEE measurements are generally difficult to perform

on hollow microforms as they switch from a terrestrial to an
aquatic ecosystem with slight changes in water table,
sometimes even flooding the sampling collars. When the
water table is above the vegetation surface, NEE, which is
mostly respiration, is represented by the diffusion of CO2

from water to the air, which is a function of a number of
parameters, such as wind speed, waves, and water and air
temperature [e.g., Hamilton et al., 1994]. Because we used
closed static chambers on this microform, wind effects on
the water are suppressed and the chamber‐collar combina-
tion creates turbulences at the water surface, thus CO2 fluxes
measured with static chamber on flooded vegetation may
not represent the real gas exchange in natural conditions.
[25] Our results suggest the existence of relationships

between PSNmax‐ER and water table position among and
within the microforms (Figure 6). In a Sphagnum reintro-
duction study for peatland restoration purposes, Tuittila et al.

Table 4. Stepwise Regression Coefficient of Determination (r2)
and Probability (p) Values for Relationships Between June and
August Average PSNmax and R for Each Microform and Summer
Average Water Table Position, Temperature at 5 cm Depth, and
Aboveground Green Biomassa

Regression Equations r2 p n

R = 0.57 + 0.04GB 0.84 <0.001 12
PSNmax = 0.50 − 0.10GB 0.71 <0.001 12
PSNmax = 6.69 − 0.23GB − 0.69WTP 0.92 <0.001 12
PSNmax = −12.6 − 0.23GB − 0.59WTP

+ 1.08T5

0.96 0.025 12

aWTP, summer average water table position (cm); T5, temperature at 5 cm
depth (°C); GB, aboveground green biomass (g m−2). R is in g m−2 d−1.

Table 3. Coefficient of Determination (r2) and Probability ( p)
Values for Relationships Between Individual PSNmax Values
and Air Temperature as Well as R and Air and Peat Temperatures
at 5, 10, 20, and 40 cm Depthsa

Microform

HH LH Ln Hw

r2 p r2 p r2 p r2 p

PSNmax, Air 0.18 0.000 0.01 0.474 0.00 0.625 0.02 0.317
R, Air 0.35 0.000 0.44 0.000 0.41 0.000 0.00 0.977
R, 5 cm 0.40 0.000 0.31 0.000 0.00 0.707 0.11 0.014
R, 10 cm 0.21 0.000 0.25 0.000 0.09 0.021 0.18 0.001
R, 20 cm 0.12 0.006 0.28 0.000 0.30 0.000 0.24 0.000
R, 40 cm 0.01 0.416 0.13 0.005 0.43 0.000 0.23 0.000

aJust define n and data set for these: HH, high hummock; LH, low
hummock; Ln, lawn; Hw, hollow.
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[2004] found a unimodal response of gross photosynthesis to
water table position for Sphagnum angustifolium with a
maximumwhere the water table was 12 cm below the surface,
and >60% of this when the water table was between –1 and
−22 cm. In a laboratory experiment, Li et al. [1992] have also
measured an increase in growth in length for Sphagnum
magellanicum and Sphagnum papillosum with a rise in
water table. Väliranta et al. [2007] found similar unimodal
relationships for plant species cover using generalized
additive models, which have been used been in a peatland
C accumulation model [Frolking et al., 2010]. However, in
these studies, the relationships have not been defined at the
microform level.
[26] Peatland microforms consist of different plant func-

tional types and species which have individual responses to
variation in water table position [e.g., Li et al., 1992; Tuittila
et al., 2004]. Here, we hypothesize that unimodal relation-
ships between PSNmax and water table position exist at the
microform scale. The contribution of several plant functional
types and species within microforms make the relationships
less definite, with larger errors, than a mono‐specific
microform. Theoretically, each microform should have an
optimal water table position for PSNmax, and therefore,
lower and higher water table position relative to this optimal
position would result in a smaller PSNmax value (Figure 7).
However, the optimal water table position for each micro-
form does not necessarily represent the average water table
position. The vegetation response might represent a reaction
to a rise in water table. Belyea and Clymo [1999] found a
similar pattern looking at the local rate of burial (LRB), the
difference between NPP and cumulative rate of decay
(CRD) through the acrotelm. Their results show that LRB
tends to be the same across the microtopographic gradient
because both NPP and CRD increase from hollows to
hummocks, and that this stable state between microforms is

maintained by a negative feedback. If water table under a
hummock gets closer to the surface because of increased
precipitation, then the hummock will grow away from water
table, increasing its LRB, which therefore returns the
hummock to its stable position relative to the water table.
Therefore, the increase in productivity in the first year after
raising the water table level could be followed by stabili-
zation, once vegetation is back to its normal position relative
to the water table [Belyea and Clymo, 1999; Bridgham et al.,
2008]. However, the effect of a raised water table could keep
productivity at a higher level unless vegetation shifts to
species better adapted to the wetter conditions. Inversely in
the hollow microform, a sustained higher water table could

Figure 7. Theoretical relationship of PSNmax, ER, andwater
table position (WTP) at microform level across microtopo-
graphic gradient. Units for PSNmax and ER are g CO2m

−2 d−1.

Figure 6. Relationship of ratio between PSNmax and ER ratio and water table position (WTP) for June‐
August 2006–2008 in Lac le Caron (LLC) peatland (green) and from Bubier et al. [2003a] (blue) and
Strack and Waddington [2007] (red). Similar microforms between studies are represented by the same
symbols: circle, high hummock; triangle, low hummock; square, lawn; diamond, hollow.
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potentially turn these microforms into permanent aquatic
ecosystems, which would release C to the atmosphere
[Belyea and Clymo, 1999].
[27] A relationship between water table position and ER

can be established for the whole microtopographic gradient
based on our results presented primarily in Figures 5a and
5b. Unlike the PSNmax microform relationships, ER is
continuous between microforms at the LLC peatland. In
Figure 7, we posit that ER is constant for sites with a water
table 20 to 50 cm below surface, which corresponds to the
relationship found in the high and low hummock micro-
forms. There was no significant decrease in ER following
the rise in water table position on the high and low hum-
mock microforms in our study (Figure 5). Similarly, Lafleur
et al. [2005] also found a weak relationship between ER and
water table position using the eddy covariance method in a
temperate bog (Mer Bleue peatland), where the water table
is 35 to 50 cm below surface on average, similar to the high
and low hummock microforms in this study; ER was more
strongly related to peat temperature. Our results suggest that
water table rise from its average natural position or long‐
term position does not change ER significantly on the high
and low hummock microforms. ER decreases between 20
and 0 cm water table position, as observed for the lawn
microform (Figures 5 and 7).
[28] The PSNmax/ER ratio from the present study and

those from Strack and Waddington [2007] and Bubier et al.
[2003a] are presented as a function of water table position in
Figure 6. Where possible, microform names from the other
studies were adapted to correspond with the one from the
present study. Results from our study show that raising the
water table (2008) increased the PSNmax/ER ratio on all
microforms except the hollow (Figure 6). Bubier et al.
[2003a] measured a decrease in PSNmax/ER ratio under
drier conditions (Figure 6). Ratios extracted from Strack and
Waddington [2007] show similar patterns to the present
study for their low hummock microform. However, the
variations on their lawn microform are much smaller than in
the present study and their hollow shows an increase fol-
lowed by a decrease with increasing water table position.
Although most of the decreases in PSNmax/ER ratio mea-
sured by Bubier et al. [2003a] were due to increased res-
piration rates over photosynthesis during the drier year, the
increase in photosynthesis was responsible for most of the
PSNmax/ER ratio increase on our sites, with the exception of
the hollow.

5. Conclusion

[29] This study emphasizes the important variability in
photosynthesis and respiration response in relation to water
table position in a boreal peatland within microforms and
across the microtopographic gradient. It also underlines the
importance of considering interannual variability in CO2

exchange when evaluating the contribution of peatlands in
the C budget in boreal environments. Our results show that
changes in PSNmax seem to control NEE on the high
hummock, low hummock, and hollow microforms while
having no effect on the lawn microform. ER was strongly
correlated with water table position on the lawn microform
but did not affect NEE significantly. Based on these results,
we propose theoretical relationships between water table

position and CO2 exchange (PSNmax and ER), supporting
results from other studies looking at relationships between
water table position and peat accumulation.
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