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[1] The relationship between the exchange of CO2 and CH4 and the surface area and
depth of 16 pools on a northern peatland was investigated over 2 years. Differences in
carbon gas emissions were found, with small, shallow pools (<1000 m2, <0.45 m)
having consistently larger CO2 and CH4 fluxes of 0.35 ± 0.47 g C m�2 d�1 and 0.31 ±
0.69 g C m�2 d�1, respectively. Average CH4 fluxes decreased with increasing pool
depth and were between 1 and 5 times larger from shallow pools (0.3 m, p < 0.001) than
from deeper pools (0.7 m). Average CO2 fluxes also generally decreased with increasing
pool depth and were between 1 and 4 times larger from shallower pools (0.3 m, 0.45 m,
p < 0.004) than from deeper pools (0.75 m). Average pool C-CO2 losses in 2005 were
approximately 3 to 30 times lower (0.11 g C m�2) than dark respiration CO2 losses from
the adjacent vegetated section of the peatland. All pools, regardless of size, were
atmospheric sources of CO2 and CH4 over the sampling period at an average emission ratio
of 1C-CO2:1.5C-CH4, with total carbon losses of 20.1 g C m�2 and 29.6 g C m�2 over
2004 and 2005. Consistently larger fluxes to atmosphere of both CO2 and CH4 from
shallow pools (<0.45 m) suggest that enhanced decomposition could be occurring,
accounting for the differences in carbon gas exchange.
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1. Introduction

[2] As some northern peatlands develop they form a
distinct surface patterning comprising pools, lawns and
ridges. These surface patterns play a critical role in the
spatial variability of carbon (C) gas production, storage
and exchange, because of differences in relative wetness
and the structure and function of vegetation communities
[Waddington and Roulet, 2000]. Dry hummocks have been
found to have a larger C uptake than wet hollows [e.g.,
Bubier et al., 2003; Waddington and Roulet, 1996] and C
losses have been found to be larger at pool margins [e.g.,
Moore et al., 1994; Waddington and Roulet, 1996; Pelletier,
2005; Johansson et al., 2006]. There have been very few
attempts to explain the variance in carbon dioxide (CO2)
and methane (CH4) that results from spatial variability in
landforms across the peatland surface. One such study is
that by Waddington and Roulet [1996], who carried out
measurements of fluxes of CO2 and CH4 and dissolved
organic carbon (DOC) between different surface topograph-
ical features (ridges, lawns, and pools) and at different

positions (central plateau and margins) in a bog in Sweden.
Given that there are differences in C gas exchange depend-
ing on landform structure within a peatland, and there are
also different size pools, we wanted to test whether the
magnitude of CO2 and CH4 emissions correlates with
differences in pool morphology.
[3] The development of peatland pools is a function of a

positive feedback between vegetation changes, hence shifts
in plant production and intrinsic litter decomposition rates,
and hydrology at the local scale [Foster et al., 1983].
Thought to be secondary features [Foster and Fritz, 1987;
Foster et al., 1988], pools begin as localized depressions
that enlarge over time with changes in vegetation with
lowering relative to the water table. Vegetation shifts toward
more mesic assemblages (lawn and hollow species) result-
ing in progressively lower rates of peat accumulation
enhancing pool growth [Foster et al., 1983] aided by
warmer water temperatures and high levels of dissolved
oxygen (DO) [Foster and Glaser, 1986]. With increasing
size, pools become deeper and more elongated in shape
[Foster et al., 1983, 1988] undergoing preferential devel-
opment along contours [Belyea and Lancaster, 2002]. There
also appears to be a lower limit to the vertical growth of
pools illustrated by the relationship between pool water
depth and pool surface area reaching an asymptote at depths
of �2 m [Foster and Fritz, 1987; Foster and Wright, 1990].
The ultimately produces a distribution of relatively large,
but shallow pools on a surface of patterned peatlands.
[4] Within most ombrotrophic raised bogs, small, shallow

(younger) pools are located at the margins while large, deep
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(older) pools exist in the central plateau [e.g., Foster and
Wright, 1990; Belyea and Lancaster, 2002]. Pool orienta-
tion is generally perpendicular to the prevailing slope and
hence hydrological flow, and this age/size distribution of
pools can create concentric rings on bog surfaces [Foster
and Glaser, 1986; Foster and Fritz, 1987], if the peatland is
domed. Once a pool complex starts, the surface patterning
increases over time. As the development of pool complexes
occurs over hundreds to thousands of years [Belyea and
Lancaster, 2002], their formation must play a role in the
long-term C balance of a peatland [Waddington and Roulet,
2000].
[5] This study attempts to place pool emissions in the

wider context of peatland development. Within the concep-
tual framework of pool development where there appears to
be a lower limit to pool vertical growth, it is reasonable to
expect that CO2 and CH4 fluxes will follow a similar
relationship with pool size. The maximum depth is reached
at some point because decomposition has become limited by
various factors. There is still no process level explanation
for maximum pool depth but the observations reported in
the literature are consistent in that it occurs between 1.5 and
2 m [e.g., Foster and Glaser, 1986; Foster and Fritz, 1987].
Since the CO2 and CH4 would originate largely from
decomposition of the peat sediments of the pools small,
shallow (younger) pools are potentially degrading faster
than large, deep (older) pools, because of warmer water and
less humified peat in shallow pools, and cooler water
temperatures and more recalcitrant peat in deeper pools.
We therefore hypothesize that CO2 and CH4 emissions will
decrease with increasing pool depth. To test this we mea-
sured CO2 and CH4 fluxes from 16 pools of various sizes in
an ombrotrophic raised bog, in the James Bay region,
Canada, in August 2003, July–November 2004, and
May–July 2005.

2. Site Description

[6] The region of James Bay, Quebec, covers a land base
of 11,000 km2, and the study site is located approximately
20 km southwest of the town of Radisson (53�380N,
77�430W, 195 m above sea level). The climate is classified
as moist continental midlatitude, with a mean annual
temperature of –3.1�C, daily average temperatures in July

of 14�C and in January of –23�C (Canada Climate
Normals 1971–2000: http://www.climate.weatheroffice.ec.
gc.ca/climate_normals/index_e.html). The snow covered
period extends from mid to late October to April–May,
and the mean annual precipitation is 684 mm, with total
monthly precipitation highest during September (106 mm)
and lowest during February (21 mm). Maximum snowfall,
expressed as snow water equivalent, occurs in November
(60 mm). The local weather conditions were cooler and
drier during 2004 than during the same period in 2005, on
average with a 5�C and 50 mm greater temperature and
precipitation (Table 1).
[7] The La Grande 2 ombrotrophic raised bog (LG-2)

covers approximately 0.66 km2, with a flat, central plateau
and southeast, southwest and northwest oriented sloping
margins. The bog has <4.8 m of peat at the central plateau
and a complex of over 200 pools of varying sizes. Peat
underlies all pools and in cross section the pools are mostly
flat bottomed with variable margins. Pool shapes and water
depths and edge steepness and vegetation vary depending
on where the pool is situated. The vegetation is composed
mostly of bryophytes (e.g., Sphagnum angustifolium,
S. rubellum, and S. papillosum), lichens, ericaceous shrubs
(Ledum groenlandicum and Chamaedaphne calyculata),
black spruce (Picea mariana), larch (Larix laricina) trees
and several species of sedges and grasses (e.g., Carex and
Eriophorum spp.). Vegetation immediately surrounding
pools comprises Carex and Eriophorum species in lawn
areas and Nuphar variegatum is found in deeper water,
otherwise there is a lack of vegetation in the open water of
the pools. The bog freezes to �1 m over the period mid-
November to May and pools freeze to the sediments.

3. Pool Complex Description

[8] On the basis of an arbitrary depth classification from
field observations, LG-2 surface is dominated by large, deep
pools (>1000 m2, 0.7–0.75 m) at the edge of the central
plateau, which are oriented perpendicular to the principal
slope. Smaller, elongated, shallower (<1000 m2, <0.45 m)
concentric pools exist further downslope. Larger pools of
midrange to greater depths (0.5–0.65 m) with no preferen-
tial orientation are located on top of the central plateau area.
In an area of about 652,400 m2, approximately 78,420 m2

(or 12%) are open water pools. Within this same area
48,885 m2 of pools are >1000 m2 in surface area, 24,200 m2

of these pools are <500 m2, and 5312 m2 are between 500
and 1000 m2. Sixteen pools of different sizes along four
transects (T1-T4) from the central plateau to the margins
were selected to represent the range of pool sizes found on
the bog surface were selected for this study (Figure 1). These
pools range in surface area from 15 m2 to 7,391 m2 and in
water depth from 0.3 to 0.75 m (Table 2). The range of sizes
and depths of the study pools fits with the general obser-
vations reported in other studies [e.g., Foster and Fritz,
1987; Foster and Wright, 1990] but the pools of the LG-2
peatland are not as deep as those on other patterned peat-
lands (Figure 2). Margins of pools at the edge of the central
plateau area are steeper on the upslope and flatter on the
downslope side (pools 1, 2, 3, 5, 6, and 7). Margins are
generally less steep around smaller, shallow pools on both
the upslope and downslope (pools 4, 8, 15, and 16) and

Table 1. Climate Normals and Local Weather Data During

Sampling

May Jun Jul Aug

Average Monthly Temperature (�C)
Norm 4.3 10.5 13.7 12.9
2004 �0.7 8.5 14.5 10.8
2005 8.5 13.0 16.4 14.7

Total Monthly Precipitation (mm)
Norm 40.3 64.8 79.5 85.2
2004 40.0 129.2 51.5 117.6
2005 51.2 116.4 127.4 163.4

Total Monthly Snowfall (cm)
Norm 11.1 2.5 0.0 0.0
2004 20.2 7.6 0.0 0.0
2005 4.8 0.0 0.0 0.0
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around pools from the central plateau (pools 9, 10, 11, 12,
13, and 14).

4. Methods

4.1. CO2 and CH4 Sampling

[9] Diffusive CO2 and CH4 fluxes were measured over 3
to 4 days in August 2003, June to August 2004, November
2004, and May to July 2005 using aluminum foil covered
floating chambers (height 13.5 cm, diameter 20 cm, volume
18.54 L, polycarbonate bottles [Dove et al., 1999]). Two to
five chambers were used per pool. The sample size was
decreased for the smaller pools to ensure that nearshore

littoral zones were not preferentially sampled. All large and
small pools along individual transects were sampled on the
same day to eliminate the effect changing atmospheric
pressure and water levels because of precipitation would
have among the fluxes measured from the pools. Samples
of 20 mL were drawn from the chamber headspace every
5 min over a 20 min period, after mixing the air in the
chamber. Concentrations of CH4 were determined by gas
chromatography within 48 h of sampling (Shimadzu-Mini
GC, Shimadzu, Japan. Settings: column temperature 45�C,
FID temperature 100�C, carrier gas N2 at flow rate 40 mL
min�1). For CO2 fluxes, the floating chamber was
connected to a portable infrared gas analyzer (EGM-4, PP
Systems, Hitchin, Hertfordshire, U.K.) and instantaneous
CO2 concentrations were recorded at 1-min intervals over a
15-min period. Emissions of CH4 by ebullition over 24 h
and nine days were measured by using floating, inverted
20 cm diameter funnels fitted with a 50 mL cylinder and
rubber stopper through which the accumulated gas was
sampled [Dove et al., 1999]. Three bubble samplers were
placed on a four randomly selected pools of different size
from the central plateau to the peatland margins and
removed after each sampling period (location not shown).

4.2. Gas Flux Calculations

[10] To obtain a daily flux rate, the instantaneous meas-
urements were assumed to be representative of the fluxes
for that day and linearly interpolated to be expressed as a
daily flux assuming a constant pressure and temperature
inside the chamber of 10�C, correcting for chamber volume
and area. Any nonlinearly increasing fluxes were excluded
(26% of measurements). A positive flux for CO2 indicates a
loss from the ecosystem to the atmosphere. Covered chamber
measurements are likely an underestimation of the actual
water-atmosphere CO2 and CH4 exchange [Duchemin et al.,
1999] and also do not differentiate between diffusive
exchange and in the case of CH4 fluxes due to constant
ebullition [Duval and Goodwin, 2000]. In this study, cham-
ber derived CH4 fluxes comprise approximately 15–20%
ebullition fluxes. Funnel derived ebullition fluxes in this

Table 2. Selected Pool Characteristicsa

Pool Length (m) Width (m) Surface Area (m2) Average Depth (m)

Average Water Temperature (�C)

2004 2005

1 200 25 3363 0.75 11.6 (±3.89) 18.0 (±3.92)
2 173 34 3489 0.7 11.9 (±4.56) 18.1 (±5.59)
3 38 18 598 0.65 11.9 (±3.74) 18.1 (±5.97)
4 32 11 359 0.4 9.5 (±5.65) 14.4 (±6.97)
5 117 30 2216 0.75 13.7 (±4.54) 18.9 (±4.71)
6 80 20 1362 0.7 13.2 (±4.50) 17.9 (±6.15)
7 43 14 522 0.55 11.1 (±3.89) 18.4 (±5.03)
8 34 11 344 0.3 10.2 (±5.84) 17.1 (±8.82)
9 48 30 1248 0.45 12.1 (±5.61) 10.4 (±7.79)
10 72 29 1969 0.45 10.2 (±3.29) 12.9 (±7.68)
11 39 23 461 0.35 10.1 (±3.47) 10.3 (±9.54)
12 17 8 99 0.35 11.7 (±5.23) 10.9 (±8.84)
13 161 141 7391 0.55 13.4 (±4.52) 19.1 (±7.49)
14 46 16 558 0.6 11.5 (±3.92) 19.0 (±6.67)
15 16 11 190 0.3 13.5 (±6.97) 17.6 (±12.08)
16 12 4 15 0.45 11.5 (±5.81) 17.5 (±10.72)
aLength, width, and depth of the pools were determined in May–July 2005, and surface area was estimated in ARCGIS1. Water temperature values are

averaged over the water column during June–August 2004 and during May–July 2005 (mean ± standard deviation).

Figure 1. Location of the selected transects and pools on
LG-2. Four pools along each transect from the bog plateau
to the margins were selected for different surface area and
depth. Image provided by INRS Eau, Quebec.
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study are likely underestimated because of problems with
leaking funnels.

4.3. Statistical Analysis

[11] Data were log transformed where necessary for
normality and Bartlett’s Test was used for homogeneity of
variance. Regular one-way analysis of variance (ANOVA)
or Welch’s ANOVA was subsequently used to test for
differences between the sample means. Where significant
results were found (p = 0.05) post hoc multiple pairwise
comparisons using the Studentised Newman-Kuels Proce-
dure were performed to test which means were significantly
different. This procedure was chosen as it adequately
minimizes the experimental error rate with small sample
sizes. Statistical analyses were carried out using JMP v.7

1

Software (SAS Institute, 2007).

5. Results

5.1. CO2 and CH4 Fluxes

[12] Measured chamber fluxes of CH4 ranged from 0 to
2.96 g C m�2 d�1, with a mean of 0.11 ± 0.35 g C m�2 d�1

(mean ± standard deviation, N = 267) and median of 0.01 g
C m�2 d�1. The largest average flux was measured from a
shallow pool (0.35 m) at 0.31 ± 0.69 g C m�2 d�1, 15 times
larger than that from a deeper pool (0.75 m) (Figure 3).
Ebullition CH4 fluxes ranged from 0.1 to 48 g C m�2 d�1 in
2005 (data are not presented for 2004 because of problems
with leaking and damaged funnels). Fluxes of CO2 ranged
from �1.11 to 1.37 g C m�2 d�1, with a mean of 0.11 ±

0.25 g C m�2 d�1 (N = 175) and median of 0.07 g C m�2

d�1. The largest average flux was also measured from a
shallow pool (0.45 m) at 0.35 ± 0.47 g C m�2 d�1 and the
smallest fluxes were from midrange and deeper pools
(0.6 m and 0.75 m) at 0.02 ± 0.06 g C m�2 d�1 and 0.03 ±
0.08 g C m�2 d�1, respectively (Figure 4).
[13] A categorical ANOVA showed that the relationships

between CO2 and CH4 fluxes and pool depth and surface
area were significant. Diffusive CH4 fluxes were signifi-
cantly different between pools of different depths (F test
3.35, p < 0.001), with shallower pools (0.3–0.35 m) having
significantly higher fluxes than deeper pools (0.75 m)
(Figure 5). Ebullition CH4 fluxes were not significantly
different between pool sizes. Diffusive CO2 fluxes were
also significantly different between pools of different
depths (F test 3.15, p = 0.004), with the largest difference
between the shallowest and deepest pools (0.3 m, 0.45 m
and 0.75 m) (Figure 6). Surface area also had an effect on
fluxes of CH4 (F test 3.02, p < 0.001) and CO2 (F test 1.83,
p = 0.02), and since pool area covaries with pool depth, and
shallow pools are generally also smaller pools (<1000 m2)
it was expected that these pools would have significantly
larger fluxes (Figures 7 and 8).
[14] For both CO2 and CH4 fluxes, the largest individual

fluxes were measured from shallow pools (<0.45 m), which
in space represent pools at different locations within LG-2.
Pool 15 had the highest individual fluxes of both CO2 and
CH4 (surface area 190 m2, depth 0.3 m) and is located at the
edge of the central plateau, morphologically similar to pools
located along the sloping margins. Similarly, pool 5 had the

Figure 2. Relationship between pool surface area and depth for selected pools on LG-2 and comparison
with other reported values from other peatlands in Sweden and Canada. LG-2 depth values are averages
from in situ measurements during July 2004, and surface area values are estimated in ARCGIS

1

. Data
from Hammarmossen Bog, Sweden, are taken from Foster and Wright [1990], and data from
Kräckelbäcken Bog, Sweden, are from Foster and Fritz [1987]. The value shown for pool size 2000 m2 is
an estimate from published metrics. Data from Kinosheo Bog, Canada, are taken from Hamilton et al.
[1994] (LG-2 = 0.068 Ln(SA) + 0.0493, r2 0.35).
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smallest individual fluxes of CO2 and CH4, and is located at
the edge of the central plateau (surface area 2216 m2, depth
0.75 m). Fluxes of CH4 were overall highest from pools of
0.3 and 0.35 m deep and lowest from deeper pools (0.7 m),
and fluxes of CO2 were highest from pools �0.45 m and
lowest from deeper pools (>0.6 m). On the basis of pool
surface area, higher CH4 and CO2 fluxes were generally
from pools <1000 m2.

5.2. C-CO2 Losses

[15] In 2005, dark chamber measurements from adjacent
vegetated peat ridges ranged from –0.04 to 1.21 g C m�2

d�1, with a mean of 0.58 ± 0.37 g C m�2 d�1 (N = 14) and
fluxes increased over the spring from 0.54 ± 0.4 g C m�2

d�1 to a maximum of 0.72 ± 0.3 g C m�2 d�1 in early June
and declined toward early July to 0.61 ± 0.63 g C m�2 d�1.
Average fluxes from adjacent vegetated peat ridges under no
light were 3 to 30 times larger than from individual pools
during sampling. In a randomly selected subsample land
base area of 101,746 m2, pools occupy approximately 8509
m2, yielding an approximate coverage ratio of 1:8–10 m2 of
pools to vegetation. Spatially scaling the average C-CO2

losses for this subpeatland area gives total losses from

Figure 4. Average fluxes of CO2 in relation to individual pools. Bars show the standard deviation.
Regression analysis was carried out on average monthly values (average CO2 flux = �0.2909 depth +
0.2703, r2 0.25, p = 0.048).

Figure 3. Average fluxes of CH4 in relation to individual pools. Bars show the standard deviation.
Regression analysis was carried out on average monthly values (average CH4 flux = �0.2581 depth +
0.2389, r2 0.23, p = 0.060).
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Figure 6. Average fluxes of CO2 from pools on LG-2 peatland during August 2003, during July–
August 2004, in November 2004, and during May–July 2005 in relation to pool depths. The boxes
represent the 25th and 75th quantiles, the lower and upper bars the 10th and 90th quantiles, and the line
represents the median. The short lines represent individual mean values, and the dotted line shows the
grand median. Data points not connected by the same letter are significantly different (p = 0.05).

Figure 5. Average fluxes of CH4 from pools on LG-2 peatland during August 2003, July–August 2004,
in November 2004, and during May–July 2005 in relation to pool depths. The boxes represent the 25th
and 75th quantiles, the lower and upper bars are the 10th and 90th quantiles, and the line represents the
median. The short lines represent individual mean values, and the dotted line shows the grand median.
Data points not connected by the same letter are significantly different (p = 0.05). Measured fluxes
comprise 15–20% ebullition fluxes.
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vegetation that are approximately 60 times higher than from
pools.

5.3. Environmental Controls on CO2 and CH4 Fluxes

[16] The 2004 summer was cooler and drier than in 2005
and average pool water temperatures and water levels were
generally higher in 2005, reflecting differences in local
weather conditions. Methane fluxes increased by a factor
of 4 during 2004 and were greatest in midsummer (0.21 ±
0.52 g C m�2 d�1) regardless of pool depth. During 2005,
fluxes of CH4 increased from 0.05 ± 0.11 g C m�2 d�1 to a

maximum of 0.17 ± 0.53 g C m�2 d�1 in June and declined
by early July to 0.03 ± 0.04 g C m�2 d�1. Fluxes of CO2

followed similar patterns to CH4 in 2004, increasing by a
factor of 3.5, reaching the maximum also in midsummer
(0.32 ± 0.50 g C m�2 d�1). During 2005, fluxes were
initially high, declining from 0.12±0.16 g C m�2 d�1 to
0.02 ± 0.06 g C m�2 d�1 in June and increasing to 0.15 ±
0.18 g C m�2 d�1 by early July. Simple regression analyses
showed that average monthly air temperatures during sam-
pling were positively correlated with CH4 fluxes (r

2 = 0.19,
p < 0.001). Fluxes were negatively correlated with average

Figure 8. Average fluxes of CO2 in relation to individual pool surface areas. Bars show the standard
deviation. Regression analysis was carried out on average values (average CO2 flux = �0.035Ln(SA) +
0.3583, r2 = 0.42).

Figure 7. Average fluxes of CH4 in relation to individual pool surface areas. Bars show the standard
deviation. Regression analysis was carried out on average values (average CH4 flux = 1E-08(SA2) –
6E-05(SA) + 0.1364, r2 = 0.28).
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monthly precipitation (r2 = 0.19, p < 0.001). These two
variables combined to explain 40% of the variance in
measured fluxes. Similarly for air temperature (r2 = 0.16,
p < 0.001) and precipitation (r2 = 0.17, p < 0.001), which
were correlated with CO2 fluxes, explaining also approxi-
mately 40% of the variance. Average water temperatures
were not significantly correlated with CO2 fluxes, explain-
ing around 1% of the variance (p = 0.2), and for CH4 water
temperatures were significant, explaining around 6% of the
variance (p = 0.004).

6. Discussion

[17] Diffusive CO2 and CH4 exchanges to the atmosphere
arise because of aerobic and anaerobic decomposition of the
underlying peat sediments, autotrophic respiration or from
within pool cycling processes such as production, decom-
position and photodegradation of autochthonous and
allochthonous C [Kling et al., 1991; Cole and Pace,
1995; Cole, 1999; Riera et al., 1999; Sobek et al., 2005].
Methane fluxes are also dependent on ebullition, and as
CH4 is produced by anaerobic decomposition, pools can be
CH4 sources throughout the year, but the balance between
pool productivity and decomposition processes controls the
net release of CO2 [Kling et al., 1991; Casper et al., 2000;
Kritzberg et al., 2005].
[18] In the Hudson Bay lowlands, Hamilton et al. [1994]

found the smallest C gas fluxes from a pool in an ombro-
trophic raised bog underlain by mineral deposits (surface
area 23,190 m2, depth 1.5–2 m), and fluxes of CH4 and
CO2 peaked in August–September. Measured CH4 fluxes
from pools ranging in size from 30 m2 to 4200 m2 were
0.99–2.98 g C m�2 d�1 and 0.08–0.14 g C m2 d�1 for
CO2. Other published studies of pools show fluxes are
spatially and temporally variable [e.g., Bartlett et al.,
1992; Hamilton et al., 1994; Moore et al., 1994; Miller
et al., 1999; Waddington and Roulet, 1996, 2000; Macrae
et al., 2004]. The results from this study fall within the
lower range of the reported values for CO2 and within the
upper range of values for CH4 (Table 3). Methane fluxes
were consistently larger from shallow pools during sum-
mer, suggesting either greater CH4 production or less
oxidation in the water column, or both. Methane gas fluxes
were larger from deeper pools during the spring, which
was probably due to pools being covered by ice, resulting
in the accumulation of gases underneath. At the time
of sampling, shallow pools were covered only partially

by thinner ice, resulting in the prior escape of gases to
atmosphere.
[19] Over the same sampling period, fluxes of CO2 were

also initially high from deeper pools, suggesting accumu-
lation under the ice, with fluxes subsequently decreasing,
and then increasing again from shallow pools toward
summer, coinciding with warmer air and water temper-
atures. Carbon gases are known to accumulate under ice
during the winter and this degasses during spring ice melt
[Striegl et al., 2001]. During summer, shallow pools had
consistently larger emissions of CH4 and CO2, with
expected peaks in biological activity. Larger CO2 fluxes
from shallow pools could be due to higher production from
warmer, aerobic basal conditions or greater within pool
productivity supported by allochthonous C.
[20] Foster et al. [1983] proposed that pools begin as

localized depressions that are deepened over time because
of a positive feedback mechanism between hydrology and
associated successive communities and at some point in
their development pools become limited in their vertical
growth. The increase in pool depth appears to decrease in
relation to pool area as the pool gets larger [Belyea and
Lancaster, 2002]. The emissions of C gas emissions in this
study, especially CO2, also follow this pattern, with overall
fluxes lower from larger, deeper pools (>1000 m2, >0.6 m).
Continual vertical deepening of pools is perhaps then
limited by the availability of suitable substrate, as more
easily decomposable peat is decomposed first, leaving a
matrix of more humified peat at the pool base, by colder
water and sediment temperatures, lower DO, or higher
levels of DOC.
[21] To our knowledge, this study is one of the first that

attempts to place CO2 and CH4 exchanges within the
context of pool complex development for a range of pools
across a patterned bog. It was hypothesized that variations
in CO2 and CH4 fluxes would relate to differences in pool
morphology and this was supported. Consistently higher
fluxes of both CH4 and CO2 were observed from smaller,
shallow pools, supporting the idea that decomposition could
be greater in these pools compared to larger, deeper pools.
In addition, the results of this study have some broader
implications for patterned peatlands in a changing northern
climate. With changes in boreal zone precipitation, temper-
ature and season length, it is reasonable to expect the
percent cover and the range of morphologies of pools to
also change, hence altering their CO2 and CH4 exchange. To
be able to scale up peatland C cycle studies, or to use

Table 3. Average Seasonal CO2 and CH4 Fluxes (Mean ± Standard Deviation) and CO2 Uptake From Open Water Pools in LG-2 in

Comparison With Other Published and Reported Values From Peatland Poolsa

Ecosystem Type Mean CO2 Flux (g C m�2) Mean CO2 Uptake (g C m�2) Mean CH4 Flux (g C m�2) Referenceb

Bog pools 0.11 ± 0.24 . . . 0.11 ± 0.35 this study
Bog pools 0.13 ± 0.08 2.7 to �0.35 0.03 ± 0.04 1, 2
Bog pools 0.99 to 2.98 . . . 0.08 to 0.14 3
Rich fen pools 0.28 ± 0.10 �1.77 0.35 ± 0.05 1, 2
Poor fen pools 0.19 ± 0.11 �0.75 0.19 ±0.37 1, 2
Fen pools . . . . . . 0.63 ± 0.25 4
Tundra ponds 0.06 to 0.7 . . . 0.01–0.05 5
aCO2 uptake is where reported.
bModified from seasonal data reported by the following sources: 1, Pelletier et al. [2007]; 2, Pelletier [2005]; 3, Hamilton et al. [1994]; 4, Moore et al.

[1994]; 5, Kling et al. [1992].
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remotely sensed changes in pool area and extent as an
indicator of change, the relationships between pool surface
area and depth and C gas exchange are important.
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