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Abstract The net ecosystem carbon dioxide (CO,)
exchange (NEE) between boreal bogs and the atmo-
sphere and its environmental drivers remains under-
studied despite the large carbon store of these northern
ecosystems. We present NEE measurements using the
eddy covariance technique in a boreal ombrotrophic
bog over five growing seasons and four winters. Inter-
annual variability in CO, uptake was most pronounced
in June—September (—4 to —122 g CO,-C m72), less
in March-May (—1 to —21 g CO,—C m™?) and very
small in October—November (—2 to —4 g CO,—
C m?). Variability in NEE between years was linked
primarily to changes in water table depth (WTD).
Strong and significant relationships (1> > 0.89,
p < 0.05) were found between summer (June—
September) maximum photosynthetic rate (A,.y), net
ecosystem productivity (NEP), gross ecosystem pro-
ductivity and WTD. Adding air temperature through
multiple regression analysis further increased corre-
lation between summer A,,., NEP, and WTD
(r* = 0.96, p = 0.05). In contrast to previous studies
examining controls on peatland CO, exchange, no
relationships were found between productivity or
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cumulative exchange and early season temperature,
timing of the snowmelt or growing season length.
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Introduction

Boreal and subarctic peatlands are abundant in the
Hudson Bay lowlands in Canada, and in the Western
Siberian lowlands in Russia (Yu et al. 2010). In
Canada, the total peatland area is approximately
114 x 10° ha, of which 64 % are found in boreal
and 33 % in subarctic regions (Tarnocai 2006). The
prevailing cool and wet conditions in these regions
favour the development of these ecosystems by
promoting higher photosynthetic CO, uptake over
carbon (C) release resulting in long term net C
accumulation (Clymo 1984). It is estimated that
northern peatlands, globally covering approximately
400 x 10° ha, represent a C storage of between 473
and 621Pg C (Yu et al. 2010). These ecosystems are
therefore unique components of the global C cycle,
and consequently of the global climate, especially on
longer time scales. Over the Holocene, peatland
development and expansion has had an impact on
the atmospheric CO, and has also contributed to
increasing atmospheric methane (CH,4) concentrations
(Macdonald et al. 2006; Yu et al. 2013).
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Northern peatlands are generally small to moderate
net annual C sinks but can also act as net sources of C
to the atmosphere depending on the hydro-meteoro-
logical conditions and the relative contribution of
different components of the peatland C budget [CO,,
CH, and dissolved organic carbon (DOC)] (e.g. Roulet
et al. 2007; Koehler et al. 2011). The net ecosystem
CO,; exchange (NEE) generally represents the largest
and most variable component of the peatland C budget
between years (e.g. Roulet et al. 2007); the inter-
annual variability in NEE can vary by an order of
magnitude at some locations (e.g. —2to —112 g CO,—
C m 2 year™ '; Roulet et al. 2007). Lower annual NEE
generally corresponds with years where growing
season water table drops due to limited precipitation
(Roulet et al. 2007; Koehler et al. 2011; Peichl et al.
2014). While Peichl et al. (2014) observed a strong
decrease in gross ecosystem productivity (GEP) when
WTD was below 30 cm, they also found growing
season GEP to be strongly correlated with pre-growing
season air temperature. Warmer pre-growing season
temperatures were associated with shallower frost
penetration in the peat, producing less root damage,
and allowing better access to water and nutrients,
enhancing productivity (Peichl et al. 2014). In the
Kaamanen subarctic fen, Aurela et al. (2004) found
timing of the snow-melt and spring temperature to be
the most important controls on determining annual
CO; balance, with earlier snow-melt and higher spring
temperature resulting in higher annual CO, seques-
tration. However, as highlighted by Peichl et al. (2014)
there are currently a limited number of published
studies with long-term records (5 years or more) of
NEE. Those sites include the Kaamanen subarctic fen
(Aurela et al. 2004), the Mer Bleue temperate bog near
Ottawa, Canada (Roulet et al. 2007), a moderately rich
treed fen in Alberta, Canada (Flanagan and Syed
2011), an Atlantic blanket bog in Ireland (Koehler
et al. 2011), a boreal oligotrophic minerogenic mire
(Nilsson et al. 2008; Peichl et al. 2014) and a
temperate ombrotrophic peatland in South East Scot-
land (Helfter et al. 2015). Considering that the
northern peatland C pool corresponds to more than
50 % of the C found in the atmosphere as CO,, the
number of multi-year studies that have examined the
controls on inter-annual variability in NEE is quite
limited. Understanding the drivers of measured inter-
annual variability in peatland C dynamics is very
important for making advances in global change
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studies. Increasing the variety of climates, vegetation
types and locations covered by longer-term studies
improves the development of models used to estimate
regional and global C budgets. These in turn provide
essential components to global climate change studies
for predictions of impacts on ecosystem functioning
and potential consequences for ecosystem C budgets.
To date, the few published long-term studies on
peatland NEE have focussed on fens or oceanic and
temperate bogs. They do not cover the dominant
peatland region or type—boreal bogs. In Canada,
64 % of the C stored in peatlands is found in the boreal
region where bog peatlands dominate (Tarnocai
2006). It is therefore imperative to identify the main
controls on NEE in this peatland type in order to be
able to model their response to climate change.

In this study, we measured NEE using the eddy
covariance (EC) technique in a boreal bog between
June 2008 and October 2012. The main objectives
were to: assess the inter-annual variability in NEE and
its components (gross photosynthesis and respiration);
identify how the environmental controls such as WTD
and temperature affect this variability; and to evaluate
the CO,—C sink strength of this boreal bog peatland.

Materials and methods
Site description

The study site is the Lac Le Caron (hereafter referred
to as LLC) peatland, an ombrotrophic bog located in a
humid mid-boreal climate in the James Bay region of
Northwestern  Quebec, Canada  (52°17'25"N;
75°50'15”W). The study site is relatively remote
being only accessible by helicopter. The basal date of
this peatland is estimated to be 7500 cal BP, with the
deepest part reaching 5.3 m (van Bellen et al. 2011).
The peatland covers approximately 2.47 km? and its
surface is characterized by a hummock-lawn-hollow
pattern. The vegetation biomass decreases along the
hummock to hollow microtopographic gradient. Hum-
mock vegetation is mainly dominated by Sphagnum
fuscum and shrubs (e.g. Kalmia angustifolia, Picea
mariana, Chamaedaphnee calyculata). Sphagnum
fallax and Carex spp. dominate the vegetation on the
lawns, while Sphagnum cuspidatum with more limited
vascular vegetation biomass are found in hollows.
More details on the aboveground biomass and species



Biogeochemistry (2016) 127:99-111

101

can be found in Pelletier et al. (2011). Long-term
temperature and precipitation data for the region are
non-existent. The closest station with a 30-year
climate normal is located approximately 200 km
northwest of the study site at the La Grande riviere
airport. The second nearest is the Chibougamau
Chapais airport, which is 300 km southeast of the
studied peatland. However, interpolated mean and
standard deviation for the 1971-2000 period (National
Land and Water Information Service (NLWIS),
Hutchinson et al. 2009) show the regional mean
annual temperature to be —2.3 £ 1.1 °C, with the
coldest and warmest months being January
(—22.1 £ 2.6 °C) and July (14.6 = 1.1 °C), and the
mean annual precipitation to be 735 £ 66 mm.

Instrumentation and flux calculations

The EC technique was used to measure fluxes of CO,
(F.). The EC system consisted of a three-dimensional
sonic anemometer-thermometer (CSAT-3, Campbell
Scientific, Logan, UT), an open-path infrared gas
analyzer (IRGA; Li-7500, LI-COR, Lincoln, NE) and
a fine wire thermocouple (FW03, Campbell Scientific,
Logan, UT). The instruments were mounted on a
tripod at 2.75 m above the ground and aligned in the
dominant wind direction. EC data were stored on
compact flash cards using a data logger (CR5000,
Campbell Scientific, Logan, UT) and were retrieved as
logistics allowed. Fluxes were measured at 10 Hz, but
sampling frequency was reduced to 5 Hz from
November to April due to limited access to retrieve
data cards during the winter.

The turbulent C flux was calculated as the covari-
ance of the deviation around the mean of vertical wind
speed and the concentration of CO, (Baldocchi 2003).
A two-axis coordinate rotation was applied (Baldocchi
1997), de-spiking was performed using the high
frequency data (Vickers and Mahrt 1997), and
detrending was done using the block average method
(Baldocchi 2003). Finally, the effect of fluctuations in
air density was removed (Webb et al. 1980). The
storage flux (F;) was calculated based on Morgenstern
et al. (2004), and the NEE was obtained by adding F;
to F.. Negative NEE values indicate a net uptake of
CO, by the ecosystem, whereas positive values
represent a net release of CO, to the atmosphere.
Supporting measurements of meteorological variables
included incoming and outgoing solar and longwave

radiation (CNR-1; Kipp and Zonen, Delft, Nether-
lands), incoming and reflected photosynthetically
active radiation (PAR; LI-190SB; LI-COR, Lincoln,
NE), soil heat flux (HFT3; Campbell Scientific,
Logan, UT), precipitation (TE525 M tipping bucket
rain gage; Texas Electronics, Dallas, TX), wind speed
and direction (wind monitor 05103; RM Young,
Traverse City, MI), air temperature (T,;,) and relative
humidity (HC-S3; Campbell Scientific, Logan, UT),
and soil temperature (T.;) at 5, 10, 20, and 40 (type T
thermocouples). All environmental variables were
measured at 0.5 Hz and 30-min averages were stored
on a data logger (CR23X, Campbell Scientific, Logan,
UT). WTD was measured continuously at a low
hummock location (Ecotone WM 2.0 m Water Level
Monitor, Remote Data Systems, Inc., Navassa, NC).

Data processing, quality control and gap filling
procedures

We used an in-house Matlab (Mathworks, Natick,
MA) script to do a first automated quality control of
the 30-min flux and climate data following the
established FCRN (Fluxnet-Canada Research Net-
work) guidelines (Lafleur et al. 2003; Roulet et al.
2007). The quality control procedure followed Berg-
eron and Strachan (2011) and included the removal of
raw high-frequency data spikes (Vickers and Mahrt
1997) and out-of-range data points (e.g. air CO,
concentration below 300 ppm). Half-hourly out of
range values (CO, fluxes: —40 to +40 pmol m > s~
and latent heat fluxes: —250 to +1000 W mfz) were
also discarded. Data falling into a period of known
instrument malfunction or servicing were eliminated.
These periods mainly occurred between November
and March when snow accumulation on the solar
panels, combined with cold temperatures, would result
in power loss to the EC system. The built-in IRGA
diagnostic signal was used to identify unreliable data
due to obstruction of the IRGA’s path. Nighttime
(defined as incoming shortwave radiation <10
W m~2) CO, flux data were rejected when friction
velocity (ux) was below the threshold value of
0.08 m s~ '; determined using the technique described
in Mkhabela et al. (2009). This threshold was also
corroborated through visual inspection by plotting
nighttime F. against u- and identifying the u- value
beyond which u- and CO, fluxes are no longer related.
Between June 2008 and October 2012, 59 % of the
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data were rejected including those failing the friction
velocity threshold criteria. Of this total, 61 % of the
rejected periods were nighttime.

Small gaps (<four half-hours) in environmental
and flux data were filled by linear interpolation.
Longer gaps in Ty, Toi1, incoming PAR, precipitation
and incoming shortwave radiation were filled using
relationships with the corresponding variables mea-
sured at two nearby study sites (within 10-15 km of
the peatland). Filling longer gaps (>4 half-hours) in
the eddy covariance time series was completed based
on the standard FCRN gap filling methods developed
and widely used by the flux community (e.g. Barr et al.
2004; Lafleur et al. 2003). Ecosystem respiration (ER)
was estimated based on annual logistic relationships
between nighttime NEE and T, at 5 cm. These
relationships were used to model growing season
daytime ER, missing nighttime NEE, and cold season
NEE. Gross ecosystem productivity (GEP) was cal-
culated from modeled ER and measured NEE (i.e.
ER-NEE). A hyperbolic relationship between mea-
sured GEP and incoming PAR was used to model GEP
based on the peak productivity period (Lafleur et al.
2001). Time variation in the ER and GEP model
parameters was taken into account by using moving
windows of 100 points. The ER and GEP models were
applied on a 30-min basis and the remaining NEE gaps
were filled by subtracting GEP from ER.

Users of open-path IRGAs (LI-7500) have reported
occasional CO, uptake during the cold season, when
photosynthesis is improbable (Amiro 2010; Hirata
et al. 2007; Lafleur and Humphreys 2008; Mkhabela
et al. 2009). This problem has been attributed to the
surface heating of the IRGA body by the electronics,
which generates an additional sensible heat flux (Burba
etal. 2008; Grelle and Burba 2007). We used the winter
regression presented in Amiro (2010) for data corre-
sponding with temperature below 0 °C. Although the
method eliminated cold period CO, uptake, the
resulting peatland winter CO; loss was relatively small
compared to other studies reporting cold season CO,
exchange data using closed path CO, analysers. We
report estimated annual NEP, GEP and ER for our site
with the caveat that our cumulative values most likely
underestimate winter CO, loss. We therefore focus our
analysis on the April to November data. In reporting
the annual C balance, we consider the years to be from
November 1st to October 31st (see Roulet et al. 2007).
For the initial year between November 2007 and June
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2008, we used an average NEE measured over the same
months during the following 4 years. The annual NEP
uncertainty was evaluated as the square root of the sum
of a20 % error calculated for each 30-min flux data for
both measured and gap filled data (Morgenstern et al.
2004; Nilsson et al. 2008).

NEE data analysis

NEE in peatlands is equal to the difference between
the gross ecosystem productivity (GEP, photosynthe-
sis by the surface vegetation), and the ecosystem
respiration (ER, composed of autotrophic [growth and
maintenance] and heterotrophic [peat decomposition]
respiration). NEE data were fit to:
o - PAR - Apax

NEE — CO, = —m-l—Rlo

. 39858 55— (1)

where the first term represents gross productivity as a
rectangular hyperbolic relationship (Frolking et al. 1998)
with A .« being the maximum photosynthesis rate and o
the initial quantum yield. The second term represents ER
and is based on an exponential temperature response
model (Lloyd and Taylor 1994) using the nighttime NEE
(assumed to be equivalent to ecosystem respiration, ER),
where R is the respiration rate at 10 °C and T is Ty in
K. Equation (1) was parameterized (o, Ap.x, and Rjp)
with measured NEE, PAR, and T, using non-linear
least-squares regression in the MATLAB computing
environment (Matlab, v7.10.0.499 (R2010a), Math-
Works, Matick, MA, USA).

Results
Inter-annual hydro-meteorological variability

The 2008 to 2012 mean annual temperatures varied
between —1.4 and 1.3 °C and were above the
1971-2000 average of —2.3 + 0.2 °C (NLWIS,
Hutchinson et al. 2009). The coldest and warmest
years were 2009 and 2010 respectively. The monthly
average temperatures varied between years with
largest differences measured between November and
April (Fig. 1). The monthly average temperature and
precipitation anomalies for May to October 2008 to
2012 show that months in 2008 (with the exception of
September) were warmer and wetter than the
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Fig. 1 Top panel mean monthly (2008-2012), and 30-year,
temperatures (°C) in the Eastmain-1 region; middle panel mid-
May to late October (2008-2012) water table depth (WTD;
mm); bottom panel thickness of the snow layer on the ground
(cm) (2007-2008 to 2011-2012). (Color figure online)

1971-2000 average (Fig. 2). The 2008 May to Octo-
ber temperatures were higher than normal by
0.4-1.5 °C. Over the five growing seasons, precipita-
tion was closest to the 30-year average in 2009, 2011
and 2012, with less than 20 mm difference, while
2008 was wetter by 116 mm, and 2010 dryer by
139 mm. Precipitation was not measured during the
cold periods. Instead, the precipitation data from
Environment Canada’s Chibougamau station was
used. The November to April precipitation was lowest
in 2009-2010 with 294 mm, compared to a range of
420-464 mm for the other cold periods. Despite a
slower start, the 2009-2010 snow accumulation on the
ground was similar to the other years (Fig. 1). The
timing of the snowmelt varied between years; late
March for 2009-2010, early April in 2011-2012,
compared to late April and early May for the other
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Fig. 2 Temperature (°C) and precipitation (mm) anomalies
(May-October) during the measurement period compared with
the 30-year average (1971-2000) at the studied peatland.
Months are distinguished by the different shapes as indicated
in the legend. The colour of the symbol indicates the year as
follows: 2008—blue; 2009—orange; 2010—yellow; 2011—
purple; 2012—green. (Color figure online)

years (Fig. 1). The inter-annual variability in hydro-
meteorological conditions had impacts on the WTD.
As aresult, the WTD was closest to the surface during
2008 and 2009, with June to September average depth
relative to the surface of 65 and 67 mm, respectively,
while the greatest June to September WTD were
observed in 2011 and 2012 (155 and 134 mm)
(Fig. 1). With the exception of 2008, the peatland
WTD moved away from the surface during June each
year (Fig. 1).

Growing season length was evaluated following
Lund et al. (2010). The growing season represents the
period where vegetation takes up CO,, as opposed to
the C uptake period, which represents the period where
the ecosystem is a net sink for C. The start of the
growing season was expressed as the first day of a
period where mean daily T, rises above 5 °C for
seven consecutive days. Consequently, the end of the
growing season was established as the first day of
seven consecutive days with Ty, below 5 °C. The
2008-2012 growing seasons were found to start on
May 30, June 8, May 13, May 17 and May 19, and
ended on September 11, September 17, September 17,
September 8 and September 12, for 2008 through
2012, respectively. The length of the growing season
was therefore 104, 102, 128, 115 and 116 days from
2008 to 2012, respectively, with the difference
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between years mainly being controlled by the start
date of the growing season rather than the end.

CO,; exchange
Photosynthesis and respiration

There was significant variability between the 5 years’
monthly average A,.x, evaluated using Eq. 1 (see
Section“NEE data analysis”). Note that for June, we
restricted the comparison to the second half of the
month (June 15-30) because of the lack of data in the
initial year (early June 2008). The 2008 A,,.x monthly
values were higher than corresponding values in the
following years with the exception of June and July
2009, which were not statistically different (Table 1).
The largest difference can be observed when compar-
ing 2008 with 2011 and 2012. During the last two
growing seasons, A.x Wwas less than half that
measured in 2008 for the same months. Overall, the
general trend shows that the monthly A, decreased
from 2008 to 2012, with the exception of September,
likely because of the different timing of senescence.
The inter-annual variability in the June to September

Amax Was strongly correlated with the average WTD
for the same period (? = 0.89, p = 0.02), with A .«
increasing as WTD decreased (moved closer to the
surface). The monthly average A,.x increase from
June to August 2010 also corresponds with WTD
getting closer to surface. Air temperature and WTD
combined resulted in a significant relationship with
Amax (2 = 0.96, p = 0.05).

The variability in R;o between the five years
followed a similar but less pronounced pattern than
the one observed for A,,,x (Table 1). The R;q values
generally increased from June to July before decreas-
ing until September. The largest decrease was
observed between July and August 2009 where Ry
decreased by more than 50 % (Table 1). This sharp
decrease corresponds with the water table moving
closer to the surface in August 2009, which potentially
reduced the heterotrophic component of ER as the peat
layer became completely saturated and therefore
anoxic. Note that the lowest R,y value was measured
in September of the same year and could suggest that
microbial fauna were not able to replenish after the
water table moved away from the surface, possibly as
a result of colder temperatures experienced in late

gg:flelterfig?ttlﬁg Slurﬁntmer Year Month ! mol CO,/mol PAR ﬁrn;gl mZs ! ﬁlll(l)ol m2s ! g
months at the Lac le Caron
(LLC) Peatland, 2008-2012 2008  June 339 0.028 (0.022, 0.034) 5.9 (5.5,63)  0.85(0.73,0.96) 0.78
July 848  0.033 (0.029, 0.037) 7.7 (7.4,8.1)  0.90 (0.80, 0.99)  0.79
August 778 0.030 (0.026, 0.033) 7.9 (7.5,82)  0.85(0.78,0.92) 0.84
September 791  0.016 (0.014, 0.018) 5.6 (5.1,6.0)  0.56 (0.50, 0.62)  0.79
2009  June 510 0.026 (0.021,0.031) 5.6 (53,59  0.81(0.74,0.89) 0.74
July 890  0.038 (0.033,0.042) 7.6(7.2,7.9)  1.05(0.97, 1.13)  0.79
August 734 0.014 (0.011,0.017) 62 (5.6,6.7) 048 (0.38,0.58) 0.69
September 667  0.011 (0.008, 0.014) 2.4 (2.2,2.6)  0.29 (0.23,0.35) 0.6l
2010  June 492 0.012 (0.009, 0.014) 4.5 (4.1,49)  0.63 (0.55,0.72) 0.72
July 733 0.020 (0.017, 0.023) 5.0 (4.7,52)  0.73 (0.67,0.80)  0.75
August 632 0.022 (0.019, 0.025) 5.4 (5.1,5.7)  0.74 (0.67, 0.80)  0.80
September 749  0.017 (0.014, 0.020) 3.6 (3.3,3.9)  0.58 (0.52, 0.65) 0.73
2011 June 398 0.015 (0.010, 0.019) 3.5(3.2,3.7)  0.60 (0.50, 0.69) 0.64
July 887  0.016 (0.012,0.020) 3.1 (2.8,3.3)  0.74 (0.67, 0.80)  0.51
August 795  0.014 (0.011,0.016) 25 (23,26)  0.66 (0.63,0.70) 0.73
September 707  0.013 (0.009, 0.018) 1.6 (1.5, 1.8)  0.59 (0.53, 0.65)  0.48
2012 June 416  0.016 (0.012, 0.019) 2.9 (2.7,32)  0.60 (0.54, 0.66) 0.73
July 385  0.021 (0.016, 0.025) 3.3 (3.1,3.5)  0.75(0.67, 0.83)  0.77
August 716 0.022 (0.018,0.027) 2.9 (27,3.1)  0.59 (0.54, 0.65)  0.68
September 498  0.013 (0.011, 0.016) 3.2 (2.9,3.4) 043 (0.38,049) 0.76
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summer. Overall, the average June to September R
was higher in 2008 at 0.71 pmol m~2 s~ but did not
vary significantly between 2009-2012, with a range of
0.58-0.60 pmol m—* s,

NEE, GEP and ER

The spring (April-May) NEP for the 2009 to 2012
varied between —1.0 g CO,—C m~2 in 2012 to a
maximum uptake of —21.4 g CO,—~C m™2 in 2010
(Fig. 5) and the inter-annual variability was explained
by a combination of factors (T,;, timing of the
snowmelt and WTD). The largest (2010) spring
cumulative CO, uptake corresponded with higher
than normal temperatures in both April and May
(Fig. 1) and the second earliest snow melt of all five
springs (Fig. 1). In contrast, the lowest spring CO, was
measured in 2012 and corresponded with the year
where the earliest snowmelt was observed, with most
of the snowpack disappearing in late March. The
earlier snowmelt observed in 2012 was caused by
warmer than normal temperatures between March 16
and 22. During that period, daily average temperatures
were above 0 °C, reaching 10.2 and 6.8 °C on March
20 and 21st respectively. Following this warm period,
the temperatures remained close to normal with daily
average temperature going back down to —17 °C on
March 26. The cold temperatures combined with the
thin snow layer on the ground promoted deeper frost
penetration in early April, with temperatures going
down to —1 °C at 20 cm below peat surface. More-
over, the early snowmelt was also combined with
lower than normal precipitation in May (Fig. 2)
resulting in the largest WTD of all the spring (May)
periods (Fig. 1). The second lowest NEE (measured in
spring 2009) corresponded with colder than normal
temperatures and late April snowmelt. Both these
elements potentially delayed plant development and
reduced phenological activity and photosynthetic
capacity. Finally, the second largest spring NEE
uptake (measured in 2011) corresponded with a
relatively late snowmelt, and close to normal temper-
atures and precipitation.

The average cumulative summer (June to Septem-
ber) NEP (mean £ SD) was —59.1 + 41.7 g CO,—
C m ™2 and was highly variable between years, ranging
from to —4.1 to —122.5 g CO,—C m™2. The site was a
sink for CO, during the summer periods with the
exception of 2011, where the site was a small sink only

in June and July (—7.3 and —2.5 g CO,—C) and a small
net source in August and September (4.7 and 1.0 g
CO,—C). The monthly summer GEP pattern resembled
that of A,.x (Table 1; Fig. 3), with slight differences
explained by the fact that A ,,, values are calculated at
maximum light, while GEP is dependent on PPFD.
The monthly average variability in ER was less
pronounced than for GEP but the June to September
period average ER followed a similar pattern, decreas-
ing from 2008 to 2012.

The summer NEP was strongly correlated with the
average WTD (r* = 0.92, p = 0.01), with the largest
and smallest cumulative NEP values corresponding to
2008 and 2011 respectively (Fig. 4). Adding mean
summer T, to WTD through multiple regression
analysis increased correlation to 0.96 (p = 0.05).
Addition of summer total precipitation and/or total
PPFD resulted in non-significant correlations. The
inter-annual variability in summer NEP was mainly
the result of variability in GEP as opposed to ER. The
cumulative GEP range was 140-288 g CO,—-C m™*
period™!, compared with 121-166 g C m™2 period '
for ER. The relationship between summer GEP and the
average WTD was strong and significant (r* = 0.89,
p = 0.02) while the relationship for ER was not
significant (2 = 0.64, p = 0.10) (Fig. 4). This there-
fore suggests that autotrophic respiration dominated
ER. Correlation through multiple regression analysis
did not improve prediction of either summer GEP or
ER. In contrast to Peichl et al. (2014), we did not find
that the pre-growing season (January to April) mean
air temperature explained inter-annual variability in
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Fig. 3 June-September monthly GEP and ER between 2008
and 2012. Error bars represent the standard deviation from the
mean. (Color figure online)
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Fig. 4 Relationships between summer (June—-September) GEP,
ER, NEP and WTD

mean daily June-July GEP or ER (GEP : r* = 0.13;
ER: 1> = 0.01), nor did it explain the variability in
GEP or ER for any individual summer month or month
pair.

The fall NEE was relatively small and showed
limited variability between the years with a range of
2.4-4.2 CO,—C m™2. This range is smaller than that
observed for the spring. In the fall, ER is decreased by
plant senescence, triggered by reduced temperature
and light availability (Smart 1994). In the spring, as
light becomes more available, the temperature and the
thickness of the snowpack indirectly trigger the CO,
uptake by the vegetation (Aurela et al. 2004). While
this corresponds with the greater variability at the
beginning of the growing season compared to the end,
we observed no relationship between the growing
season length and the total CO,—C uptake at our site.
Because the modeled winter CO; loss was small (<1 g
CO,—C m~? period™") during four winters of mea-
surements (December—March), the winter loss had a
very limited impact on the annual NEP (Fig. 5;
Table 2). The variability in NEP between years was
dictated by the summer period C uptake.

Discussion
The LLC peatland NEE results presented here are
among the first multi-year datasets for a boreal bog.

Previously, Humphreys et al. (2014) presented 2-years
of NEE for two bogs located in the Hudson Bay

@ Springer

Fig. 5 Annual cumulative GEP, ER and NEP between Novem-
ber 1st, 2007 and October 31st, 2012 at the studied peatland. The
pre-study period (November 2007-June 2008) GEP, ER and
NEP were estimated using the average over the same months for
the four subsequent years. (Color figure online)

Table 2 Annual cumulative GEP, ER and NEP between
November 1st 2007 and October 31st 2012 at the LLC peatland

Hydrological year NEP ER GEP

2007-2008 126 (£9) 205 (£9) 332 (£3)
2008-2009 94 (£9) 159 (£10) 253 (£3)
2009-2010 90 (£6) 176 (£7) 266 (£3)
2010-2011 28 (£5) 146 (£7) 175 (£3)
2011-2012 42 (£5) 138 (£6) 181 (£2)

November 2007-June 2008 GEP, ER and NEP were estimated
using the average measured over the same months over the four
following years

lowlands. There have been long-term measurements
(more than 4-years) from a temperate bog (Lafleur
et al. 2003; Roulet et al. 2007), a minerogenic fen
(Sagerfors et al. 2008; Nilsson et al. 2008; Peichl et al.
2014), palsa mire (Aurela et al. 2001, 2002, 2004),
blanket bog (Sottocornola and Kiely 2010; Koehler
et al. 2011) and treed fen (Flanagan and Syed 2011).
Bog peatlands are the dominant peatland type in boreal
regions of Canada where 64 % of Canadian peatland
are found (Tarnocai 2006). Multi-year datasets from
these ecosystems are essential in order to identify how
changes in climate may affect the CO, exchange and C
sequestration in these boreal peatlands. The results
presented here show a large variability in NEE
between years strongly linked to the change in
WTD, and further explained by variability in
temperature.
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The summer average A ,.x, GEP and NEP (summer
and annual) were strongly correlated with average
WTD. Previous chamber measurements performed at
the same site showed that as WTD decreased (i.e.
moving closer to the surface), maximum rates of
photosynthesis increased on hummocks (Pelletier et al.
2011). In the present study, the higher A,,.x measured
during summer 2008 and for June—July 2009 corre-
sponded with decreased WTD; the increase in ecosys-
tem productivity likely a result of vegetation
responding to rising water table (Belyea and Clymo
1999). Under wetter than normal conditions, the
Sphagnum spp. found on hummocks tend to increase
productivity to grow away from the water table, in an
attempt to reach a preferential position relative to the
water table (Belyea and Clymo 1999; Bridgham et al.
2008). Humphreys et al. (2014) observed a decrease in
GEP in bogs in the Hudson Bay lowlands during
periods where the WTD was far from surface. Simi-
larly, Sulman et al. (2010) previously showed that a
temperate bog’s GEP and ER increased as the WTD
moved closer to the surface. At our site however, WTD
influenced GEP only; no significant relationship was
observed with ER. Lindroth et al. (2007) studied
drivers of C exchange in a bog and three fens in Sweden
and Finland. In the Fijemyr bog in southern Sweden,
they found that WTD influenced both GEP and ER but
was correlated more strongly with GEP than ER. When
their data were restricted to an initial drying phase they
noted that WTD was correlated more strongly with ER
than GEP at a fen in Kaamanen, Finland. WTD was
found to be a significant driver for NEE in studies of
Irish blanket bogs (e.g. McVeigh et al. 2014; Laine
et al. 2007). However, the position of the water
table was shown to be a less important driver of C
exchange than other environmental variables (e.g.
PAR, air/peat temperature) in a temperate bog (Mer
Bleu, Canada; Lafleur et al. 2005; Teklemariam et al.
2010). Our study site is an ombrotrophic bog that is
typical of those found in the James Bay lowlands, a
peatland-rich sector of boreal Canada with a cold
humid climate. Studies to date indicate that WTD may
indeed broadly be a significant driver in a variety of
peatlands but with the scarcity of long-term research
sites in the boreal region, further work would be
required to see if the findings presented here can be
generalized to boreal peatlands.

Although the water table was also close to the
surface in August and September 2009, the calculated

Amax Was lower for these two months when compared
to June and July 2009, and June to September 2008.
The colder temperatures in August 2009 could explain
the lower A ,.x, as the monthly average temperature in
August 2009 was 12.7 °C compared to 15.5 °C in
2008. The temperature went below the freezing point
for two nights during the first 2 weeks and last week of
August 2009, making August 2009 the coldest August
of the 5 years. Lower temperature has been previously
used to explain limited CO, uptake (Harley et al.
1989). These colder temperatures could also have
triggered earlier senescence (Smart 1994), potentially
explaining the lower A,,,x also observed in September
of that year, despite a mean temperature that was
similar to 2008. The September 2009 WTD was less
than in 2008 (44 mm compared to 59 mm), reaching a
level closest to the surface of all five summers. The
relationship between WTD and productivity for peat-
land plant communities has been shown to follow a
unimodal relationship, where maximum productivity
is observed for a specific range of WTD. As the water
table moves closer to or farther from the optimal
range, a decrease in productivity results (Belyea and
Clymo 1999). It is possible that the lower A.x
measured in September 2009 is the result of WTD
being close to the surface, above the optimal level for
maximum productivity. The change in WTD also
seems to have had a control on the June to August 2010
Anax variability. In June 2010, the WTD was 288 mm
below surface, potentially as a result of an early snow
melt and lower than normal precipitation (Figs. 1, 2).
The water table slowly approached the surface through
the rest of the summer, reaching similar levels to those
observed in 2008 and 2009 by early August. This rise
in water table coincides with the increase in A, from
June to August, suggesting that it was a limiting factor
in early growing season photosynthesis (Figs. 1, 3).
However, part of this increase in A,,,x between June
and July 2010 is also likely linked with the vegetation
reaching maximum photosynthesis capacity during
mid-summer. While WTD seems to explain a great
portion of the inter-annual variability in NEE and
Apnax, it is interesting to note that when WTD was
further away from the surface in June 2010, A,,.x was
still higher than any of the summer months in 2011 and
2012. A potential explanation for this could be that the
April and May temperatures in 2010 were slightly
higher than in 2011 and 2012, contributing to the
earlier snowmelt and plant development. It is possible
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that the vegetation development therefore was more
advanced in June 2010 compared to June 2011 and
2012, allowing high photosynthesis despite more
limited water availability.

Although WTD represented a significant control on
the variability of the CO, sink in the studied boreal
bog, other studies have found instead that temperature
or timing of the snowmelt play a more important role
in predicting the CO, uptake capacity. For example, in
a minerogenic peatland in Sweden, Peichl et al. (2014)
found their growing season GEP to be strongly
correlated with pre-growing season T, suggesting
that less root damage would occur during warmer
winters and access to water by the vegetation would be
easier. Similarly, in a mild maritime climate ombro-
trophic bog, Helfter et al. (2015) found winter
temperature to be a main control on the inter-annual
variability in NEE. The reason why we do not observe
such relationships at our site is likely attributed to the
severity of the winter in boreal Quebec. The range in
winter T, at our site (—15.0 to —8.6 °C) was much
lower than that measured by Peichl et al. (2014; —8 to
—2 °C) or Helfter et al. (2015), which rarely went
below the freezing point. Our warmest pre-growing
season temperature corresponds to the coldest at the
fen studied by Peichl et al. (2014). Therefore, the
proposed benefits of less root damage and easier water
access as a result of warmer pre-growing season
temperatures suggested by Peichl et al. (2014) are not
likely to apply here as the frost penetration affects our
site every year.

The timing of snow melt or onset of the growing
season have also been shown to be important controls
on the annual C uptake (Aurela et al. 2004; Sotto-
cornola and Kiely 2010); both generally leading to
greater NEP. We observed no relationships between
the timing of the snowmelt or the beginning of the
growing season, and the spring to fall, summer or
annual NEP. While the absence of variation in our
modeled winter NEE could be a potential cause for the
lack of variability in our annual NEP evaluation, other
studies have also shown limited inter-annual variabil-
ity in winter C release. Over their 6 years of CO,
exchange measurements, Aurela et al. (2004) observed
limited inter-annual variability in C winter release
2326 g C m~2) and further found its contribution to
inter-annual variability in NEP to be minor. While our
winter C release numbers are smaller than those of
Aurela et al. (2004), applying their range of values to
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our annual data would still not result in a significant
effect; the timing of the snowmelt or the onset of
growing season would still not represent an important
control on the annual NEP.

The timing of snowmelt or the pre-growing season
temperatures have each been shown to explain annual
NEP in some temperate and subarctic peatlands but
neither explained the inter-annual variability at our
site. The timing of snowmelt and/or spring tempera-
tures had an effect on the growing season start and the
spring period NEP as shown by the largest C uptake in
2010. However, the effects of early snow melt and
warmer temperatures were offset by lower C uptake
compared with previous years (2008 and 2009)
between June and September. This, therefore, suggests
that the timing of snow melt and or spring tempera-
tures could exert a significant control on annual NEP
only if other environmental controls such as WTD
remained similar between the years.

In our study region, the IPCC Fifth Assessment
Report predicts an increase in both temperature and
precipitation during the June—July—August period for
2081-2100, with respect to 1985-2006 data (Canadian
climate data and scenarios; http://ccds-dscc.ec.gc.ca).
The predicted increase in precipitation could lead to
reduced WTD, which based on our results could lead
to greater CO, uptake. However, as WTD moves
closer to the surface, C loss through CH, release
(Moore et al. 2011) and DOC export (Fraser et al.
2001), could counterbalance the greater C-CO,
uptake. The predicted increase in temperature will also
result in higher evaporation rates, which may offset
the increased precipitation effect on WTD. Using the
IPCC climate change scenarios (A1B, A2, B1, and
Commit) and the CLASS3W-MWM peatland C model
(Wu et al. 2012), Wu and Roulet (2014) evaluated the
impact of climate change on a temperate bog’s C
exchange and found WTD to increase slightly with an
increase in temperature and precipitation. Given the
observed relationship between A,.x and WTD, if this
scenario of increasing depth to water table with cli-
mate warming also applies to boreal bogs, we could
observe a reduction in A,,x in northern peatlands.

Conclusions

The results presented here are among the few multi-
year NEE measurements for northern peatlands. Our
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findings highlight the importance of WTD on the NEE
in boreal bogs and stress the differences in controls on
the inter-annual variability between peatland types;
studies of other peatland types have observed signif-
icant responses with different variables such as timing
of the growing season or snowmelt. The WTD
represented the main explanatory variable at our site,
explaining 92 % of summer NEP inter-annual vari-
ability. The air temperature further explained the inter-
annual summer cumulative C exchange variability,
while also explaining the C exchange differences
between springs and between monthly A, when
WTD were similar (e.g. August 2008 and 2009). As
northern peatlands are dominated by bogs in boreal
zones, results from previous studies focusing on
different peatland types cannot be assumed to be
transferrable. Furthermore, our results stress the high
sensitivity of the peatland carbon exchange processes
to changing environmental conditions, making them
potential key players in future global C balance.
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