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ABSTRACT: This study reports on 27 days of CO2 flux measurements from wetland tundra in the vicin- 
ity of Churchill, Manitoba, Canada. Fluxes were measured continuously using a portable, gradient 
measurement system which is described in detail. The measurements apply to a climatically normal 
summer in terms of solar radiation, temperature and precipitation. The environment consists of a hum- 
mocky fen underlain by permafrost with a thck  layer of organic soils. Sedges dominated the hum- 
mocks and mosses the hollows. The measurement period was composed of a dry period when the water 
table receded below the lowest terrain elements and a wet period when there was standing water in 
the hollows. On average for the measurement period, and on most days, the carbon balance was posi- 
tive, meaning that carbon loss through respiration exceeded the gain through photosynthesis. Respira- 
tion was greater and photosynthesis less during the dry period than the wet period. The magnitude of 
the daily average CO2 flux in this study was comparable to summer fluxes measured in similar ecosys- 
tems. The implications of a net carbon loss during the most photosynthetically active period are dis- 
cussed. 
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1. INTRODUCTION 

It is estimated that 28% of global soil carbon is 
sequestered in peat (Gorham 1991). In Canada over 
85% of wetlands are peatlands (NWWG 1988). They 
play an important role in the global carbon cycle. The 
largest contiguous area of wetlands and peatlands in 
North America and the second largest in the world is 
the Hudson Bay Lowland (Mortsch 1990). This study 
applies to wetlands in the northern portion of the Hud- 
son Bay Lowland which is underlain by continuous 
permafrost. 

Several studies suggest that soil carbon can be both 
a significant source (Woodwell 1983, Houghton 1991, 
Townsend et al. 1992) and sink (Tans et al. 1990, Har- 
rison et al. 1993) of atmospheric carbon in response to 
climate change scenarios. In northern Alaska, USA, 
direct evidence shows soil acting as a CO2 source over 
a 5 yr period (Oechel et al. 1993). 

On a diurnal, seasonal and annual basis, CO2 ernis- 
sion rates are commonly explained by 2 sets of envi- 
ronmental variables. Solar radiation, atmospheric 
temperature and humidity, and ambient CO2 con- 
centrations affect rates of photosynthesis. The thermal 
and hydrologic regimes of the substrate influence 
microbial processes and respiration and can also have 
an indirect influence on photosynthesis (Burton 1994). 
The change from carbon accumulation to carbon loss 
in northern ecosystems could, for example, be influ- 
enced by increasing air temperature and as a result soil 
temperature, and by enhanced drainage and soil aera- 
tion due to decreased soil moisture. General Circula- 
tion Model results indicate that globally averaged 
surface temperatures could rise by 1.5 to 4S°C when 
the atmospheric CO2 concentration is doubled (IPCC 
1990). High latitudes are expected to undergo the 
greatest increases in surface temperature (Rizzo & 
Wilken 1992), thus disturbing the equilibrium of the 
natural carbon cycle within permafrost regions. Conse- 
quently, understanding the factors that control CO2 
emission and uptake is important in predicting the 
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Fig. 1. Location of research area and site 

uncertain effects of global climate change on the car- 
bon balance of northern peatlands. 

A general need is recognized for the use of con- 
trolled experiments to investigate relationships be- 
tween the CO2 flux and its environmental controls. A 
number of these experiments have been pursued in 
the laboratory and in the field. Using recent study 
results of core microcosms of intact soils and vegeta- 
tion from Alaska's North Slope, Billings et al. (1982, 
1983) have suggested that peat soils in arctic regions 
may become net sources of CO2 to the atmosphere 
under different climate warming scenarios. In their 
studies, water table variations had greater effects 
upon CO2 flux in the microcosms than did warming 
the air temperature by 4'C or doubling the atmos- 
pheric concentration of CO2. Enhanced soil aeration 
due to a lowered water table increased microbial peat 
oxidation, leading to increased CO2 flux emissions 
from the microcosms (Peterson et al. 1984). Recently, 
laboratory incubations of peat columns have been 
shown to increase CO2 emissions more than 4-fold 
when the water table dropped from the surface to a 

depth of 0.40 m in one experiment (Glenn et al. 1993) 
and 3-fold when the water table went from the sur- 
face to a depth of 0.15 m in another experiment (Funk 
et al. 1994). These observations confirm the evidence 
of Moore & Knowles (1989) who found that water 
table lowering substantially increased CO2 loss from 
peat columns. Gradient flux and eddy correlation 
measurements from an open bog in the southern 
Hudson Bay Lowland during peak growing season in 
July indicated a small net daily uptake of CO2 over a 
time-averaged diurnal period, although negative and 
positive flux rates in the daytime and nighttime, 
respectively, were nearly equal (Neumann et al. 
1994). 

This study uses similar methodology to that of Neu- 
mann et al. (1994) and allows some comparison of the 
carbon budget between the northern and southern 
Hudson Bay Lowland. It also can be compared to the 
few wetland tundra studies done elsewhere. It incorpo- 
rates an analysis of the effects of soil temperature and 
soil moisture on CO2 flux rates and overall emission 
totals using field measurements. 
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2. STUDY AREA AND MEASUREMENT SITE 

The northern Hudson Bay Lowland in the vicinity of 
Churchill, Manitoba, Canada (Fig. 1) is a large coastal 
plain in which wetlands occupy 85 to 90% of the sur- 
face (Riley 1990). The coastal plain rises from sea level 
to about 150 m where it meets the Canadian Shield 
(Mortsch 1990). Because of isostatic uplift at the rate of 
about 1 m per 100 yr, the landscape near Hudson Bay 
is younger than that which lies inland. Soils are classi- 
fied as gleysolic, developing under hydrophytic vege- 
tation or tundra plant communities. In the Churchill 
region they are always found in combination with 
organic soils which are primarily formed from decayed 
sedges and mosses. The water table lies above the 
mineral substrate for most or all of the year (Mortsch 
1990). Day-to-day temperature and humidity changes 
during the summer growing season are very large. 
This arises from the fact that winds blowing from Hud- 
son Bay are colder and moister than those from the 
continental interior (Rouse 1991). Thus in terms of 
photosynthesis and respiration there is the potential to 
monitor substantial effects from changing air and soil 
temperatures. 

The research site is located 18 km southeast of 
Churchill and 12.5 km south of the Hudson Bay coast- 
line (Fig. 1). The site is an extensive, flat sedge wetland 
located in the northern part of the Hudson Bay Low- 
land physiographic region. The study site is classified 
as a fen (Zoltai & Pollett 1983). At an elevation of 22 m 
a.s.1. the landscape is approximately 2200 yr old. The 
research area is underlain by continuous permafrost 
and is characterized by hummocky terrain. The sub- 
strate is composed of highly porous peat, averaging 
0.25 m thick, covering a thick layer of glaciomarine 
silty clay. The primary vascular plant on the hummocks 
is Carex aquatilis which is also found on the drier mar- 
gins of the hollows. Less common are Ledum decum- 
bens, SaLix arctophila and Betula glandulosa. The moss 
Scorpidium turgescens (Scott pers. cornm. 1994) covers 
up to 23 % of the surface of the hollows and comprises 
15% of the total surface area of the site (Coxson pers. 
comm. 1993). In terms of flux measurements, the fen is 
very extensive and uniform in all directions (Fig. 2) so 
that boundary layer adjustment of the wind field pre- 
sents no restrictions (Wessel & Rouse 1994). 

3. INSTRUMENTATION AND METHODS 

3.1. CO2 flux measurements 

Carbon dioxide sampling was conducted on 27 days 
throughout the midsummer period from July 17 to 
August 24, 1993. The CO2 system (Figs. 2 & 3) em- 

ployed the flux-gradient methodology (den Hartog et 
al. 1994, Neumann et al. 1994). Six air intakes were 
located above a hummock and at 0.35, 0.7, 1.1, 1.6 and 
2.3 m, within psychrometer housings mounted on a cli- 
matological tower. Air was drawn by two 12 V pumps 
(Model TD-4N, Brailsford & Co. Inc., Rye, NY, USA) 
through 6.5 m of non-CO2-absorbing flexible Bev-a- 
line tubing which ran from the sensors to 1 1 buffer vol- 
umes. Air was continually drawn down from all levels 
to the buffer volumes by a circulation pump. A sam- 
pling pump provided the suction for only the particular 
level being sampled. The system was maintained at a 
constant flow rate of 1.5 1 min-' using a flow meter. 
Carbon dioxide concentration was sampled every 10 s 
and averaged at half-hour intervals. Thus 30 measure- 
ments were averaged for each level over the half-hour 
period. 

The CO, system employed an amplifier panel which 
contained the electronics necessary to sequentially 
switch and monitor six 12 V solenoid-actuated valves. 
Sampling sequencing and duration were controlled by a 
datalogger (Model 21X, Carnpbell Scientific, Logan, UT, 

Fig. 2. The Bowen ratio energy balance (BREB) CO, tower 
situated in the hummocky sedge fen 
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USA). Absolute measurements of CO2 concentration at 
each level were obtained by a non-dispersive infrared 
gas analyzer (Model LI-6262, LI-COR Inc., Lincoln, NE, 
USA) operated at high resolution. Each of these compo- 
nents was housed in an insulated cartop carrier located 
2 m from the base of the clirnatological tower (Fig. 2). 

Calibration of the infrared gas analyzer (IRGA) was 
performed every other day using ultra high purity 
nitrogen (UHP NZ) and an analyzed span gas of CO2 
(334 ppmv) balanced in air. The use of gradient 
methodology in the calculation of the CO2 flux is unaf- 
fected by any offsets generated by the use of UHP N2 
as a CO2-free gas. Soda lime and magnesium per- 
chlorate in the IRGA's scrubbers were periodically 
changed throughout the season to absorb residual 
moisture and CO2 in the reference cell loop. 

3.2. Ancillary measurements 

Solar radiation (K-l), photosynthetically active solar 
radiation (PAR) and net radiation (Q') were measured 
with an Eppley black and white pyranometer (Model 
8-48), LI-COR quantum flux density sensor (Model 
LI19OSB) and Middleton net pyrradiometer (Model 
CNl),  respectively. The subsurface heat flux (QG) was 
measured with Middleton soil heat flux plates (Model 
CN3) for hummock, flat and hollow surfaces, which 
were corrected for the Mference in thermal conductiv- 
ity of the transducer and organic soil using the method- 
ology of Rouse & Bello (1985). Correction of the heat 
flux plates also involved using the calorimetric method 
(Halliwell & Rouse 1987), which allows for the transfer 
of heat due to water movement in the soil. The latent 
heat flux (QE) and the sensible heat flux (QH) are 
derived from the Bowen ratio energy balance (BREB) 
calculations employing 6-level profiles of atmospheric 
temperature and vapor pressure (Fig. 2), which have 
proved accurate and reliable in many studies (e.g. 
Halliwell & Rouse 1989, Rouse 1991, Wessel & Rouse 
1994). Rainfall was measured using both manual and 
tipping bucket rain gauges and depth to the water 
table was measured daily in a well (ABS plastic tube). 
Soil temperatures were measured in a profile with 
thermocouples at depths of 0, 0.05, 0.10, 0.20, 0.30, 
0.40, 0.50, 0.60, 0.70, 0.80 and 0.90 m. 

4. THEORY OF CO2 FLUX GRADIENT 
MEASUREMENT 

The raw CO2 flux, F, , can be calculated as 

where K, is the turbulent transfer coefficient for CO2, 
and a K / d z  is the mean CO2 density gradient (kg m-3). 
From the measured sensible heat flux, QH, and assum- 
ing similarity of transfer coefficients, K, is equivalent to 

where K,, is the turbulent transfer coefficient for sensi- 
ble heat, dT/dz is the temperature gradient, c, is the 
specific heat of dry air and is the density of dry air. 
Transforming a E / a z  into a finite difference and mak- 
ing use of the measured CO2 concentration gradient 
AC/AZ (in ppmv m-', equivalent to pm01 mol-l) gives 

where m,/m, is the ratio of the molecular weight of 
CO2 to the molecular weight of dry air. Upon applying 
this conversion 

Simplifying and collecting the constants into the fol- 
lowing term 

reduces the equation for F, to 

in kg m-2 S-'. Following the convention of flux-gradient 
measurements, carbon loss from the biomass to the 
atmosphere is positive while carbon uptake by the bio- 
mass is negative (Neumann et al. 1994). The Webb cor- 
rection (Webb et al. 1980) was then applied to account 
for density changes due to the flux of latent heat. 

5. ENVIRONMENTAL CONDITIONS 

Measurements over the 1993 field campaign repre- 
sent a climatically normal season in Churchill. Average 
air temperature was 11.3OC, slightly higher than the 
30 yr normal of 10.5"C measured at the Churchill 
weather station. Strong temperature fluctuations are 
promoted by onshore and offshore winds and are 
apparent in Fig. 4. Precipitation over the 1993 field 
season totalled 106 mm (70 mm over the CO2 measure- 
ment period) which was almost equal to the 30 yr nor- 
mal of 1 13 mm (Phillips 1990). 

The response of the water table to rain events is very 
rapid (Fig. 5a). The maximum draw-down of the water 
table to -0.27 m was recorded on July 30. The largest 
rain event of the season, at 21 mm, was recorded the 
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divided on the basis of depth to water table, 
into a dry period (July 17 to 29) and a wet 
period (July 30 to August 24). Dryness is only 
a relative term since there was normally 
some standing water in the hollows. The 
relationship of the water table to the hum- 
mocky organic terrain during the dry and the 
wet periods is shown in Fig. 6. The change in 
average water table position from dry to wet 
periods represents an average change in the 
area of the surface organic soils of about 8 % 
from aerobic to anaerobic conditions. During 
the dry period, a depth of approximately 
0.25 m of organic soil in the hummocks was 

l , , , , , , , , l 1 l l n , , , , , , , , , , , , , , , , , , , I I , I I I , I , I , , ,m , , , , , , , , , , , , , , , , , , , , , , , , , , ,  

13 20 27 4 1 1  18 25 1 8 15 22 29 
l une J ~ Y  Augw 

aerobic. During the wet period the depth of 
the aerobic layer in the hummocks was 
approximately 0.23 m. The bases of the hol- 

June July August 

Fig. 4 .  Seasonal pattern of air temperature (solid line) compared to lows were entirely anaerobic during both the 
the long-term mean (dashed Line) dry and wet periods. 

Climatic characteristics of the dry compared to the 
following day (Fig. 5b). This elevated the water table wet period are outlined in Table 1. Solar radiation, 
0.17 m over a period of 24 h. It is evident that the depth photosynthetically active solar radiation and net radia- 
of unsaturated soil available for aerobic microbial tion were 39 to 46% higher during the dry period, due 
processes changes rapidly in this wetland. For analysis partly to its occurrence near the summer solstice but 
purposes, the period of CO2 flux measurements was mainly due to less cloud cover. The evaporation and 

ground heat flux were respectively 60 and 68 % higher 

6. RESULTS 

6.1. CO, fluxes and concentrations 

Fig. 5. (a) Depth to water table and (b) precipitation over the The net flux, F,, varied from strongly positive during 
1993 field season. (+) Days when CO2 flux was measured most of the July measurement days to a mixture of 

in the dry period, while the rainfall was 40% less. Soil 
temperatures in the top 0.05 m were 4°C higher in the 
dry period. In general, the dry period was substantially 
sunnier, warmer and drier than the wet period. 

The ambient CO2 concentrations in the surface soils 
and lower atmosphere are shown in Fig. 7 for a period 
when coincident atmospheric and soil CO2 measure- 
ments were available. Static diffusion chambers were 
used to obtain the soil surface concentrations, while 
the subsurface concentrations were obtained by a 
membrane diffusion measurement system pioneered 
by Coxson & Parkinson (1987) with the results reported 
in Whelpdale (1993). The measurements are for a 
nocturnal period of respiration and indicate changes in 
CO2 concentrations from about 600 ppm at a depth of 
0.10 m in the soil to 400 ppm at the soil surface to 
340 ppm in the atmosphere. It is apparent that on 
August 15, when the water table was at -0.14 m, the 
surface soil layers served as a major reservoir of CO? 
which was potentially available throughout the mid- 
summer measurement period. 
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vertical exaggeration = 2 

Fig. 6. Schematic dagram of the position of the water table during the dry and wet periods relative to organic soils in hummocks 
and hollows 

well 
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cobbles 

silty clay 

hummock 

- 
....................................................... 

..................... .. 

..----.-.-.. W = -0.1 35 m wet period 

WT = -0.156 m dry period 

Dry period Wet period Dry period Wet period 

K I  232 167 P 1.24 1.73 
PAR 125 86 E 2.79 1.73 
Q '  135 91 W T  -0.156 -0.135 
QE 7 9 4 9 MfT.,,,, -0.273 -0.172 
QH 36 31 To 16.1 11.5 
QG 19 11 Tos 15.1 11.7 
P 0.46 0.63 Tlo 12.7 10.2 

T20 8.6 7.7 

- 

Table 1. Environmental condtions during dry and wet periods. KL. global solar from the warm, dry soils and the plants 
radiation (W m-,); PAR: photosynthetically active radiahon (W m-2); Q' :  net was additive. The August data repre- 
radiation (W m-'); QE: latent heat f l u  (W m-2); QH: sensible heat flux (W m-2); sent the wet period when colder, 
Qc: ground heat flux (W m-'); P = QH /QE, P: precipitation (nun d-l); E: evapo- 
ration (mm d-l); MrT: depth to water table (m); WT,,,: maximum depth to water favoured lower respiration 

table (m); To: soil temperature at surface ('C); To,: sol1 temperature at 0 05 m fluxes. 
("C); T,,,: soil temperature at 0.10 m ("C); T20: soil temperature at 0 20 m ('C) The average diurnal pattern of F, 

(Fig. 10) indicates the following. The 
net efflux starts at 18:OO h, 2 h prior to 
sunset, and reaches a maximum about 
01:OO h the following morning. This is 
the period when soils are warm and 
photosynthesis is minimal or absent. 
The net efflux decreases from 01:OO h 
and becomes nil at 06:OO h, 1.5 h after 
sunrise. Daytime net photosynthesis 
increases rapidly after 06:OO h, reach- 
ing a peak at 08:OO h, and shows strong 
CO2 uptake until solar noon. In the 

negative and positive F, during August (Fig. 8).  On afternoon it plateaus at moderate values before return- 
average for all days of measurement, F, showed a net ing to a net efflux state at  18:OO h. 
efflux of 0.013 mg m-2 S-'. However, there was an order 
of magnitude difference from 0.042 during the dry 
period to 0.004 mg m-2 S-' during the wet period. Thus 
the impact of soil condition is evident and is explored 
further below. Daytune photosynthesis occurred in response to the 

The diurnal pattern of atmospheric CO2 concentra- plants' regulation of CO2 and H 2 0 .  The CO2 uptake 
tions (Fig. 9) is characteristic of vegetated surfaces in pattern (Fig. 10) tracks the stomata1 conductance of the 
summer (Oke 1987). CO2 concentrations increase fol- vegetation as described by Blanken & Rouse (1996). 
lowing sunset through the night and reach a peak in This is characterized in Carex aquatilis by high con- 
the early morning. Concentrations decrease rapidly ductance in the early morning, followed by a smaller 
following sunrise and remain relatively small through- midday and early afternoon conductance. A second 
out the daytune. There is much larger diurnal range in smaller peak conductance follows in late afternoon. 
July than in August because nocturnal respiration Such a pattern is promoted by changing air tempera- 
rates are higher in July. This is due to 2 factors. The tures and changing leaf-to-air vapor pressure deficits. 
July data correspond to the dry period and also the In terms of Fig. 10, the photosynthesis peak in the 
period of most vigorous sedge growth. The respiration morning corresponds to maximum stomata1 conduc- 

6.2. Environmental controls 
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Fig. 7. Profile of CO, concentrations using a combination of flux gradi- 
ent measurements ( A ) ,  static chamber diffusion measurements (m) and 
membrane diffusion measurements (m) for the period 02:OO to 06:OO h, 

August 15 

indicate that on a seasonal basis, as both WT 
and T, increase, CO2 efflux (respiration) in- 
creases. 

6.3. Respiration and photosynthesis 

F, was divided into a respiration and photo- 
synthesis flux in the following approximation. 
For each day, the nighttime CO2 flux was 
assumed to represent the minimum daytime 
respiration flux, FRlrmnl. This assumes that day- 
time respiration rates are probably somewhat 
higher than the nighttime ones given the sub- 
stantially higher soil temperatures. During the 
daytime the minimum photosynthesis flux, 

becomes the difference between the net 
daytime flux, F,, and FR(minl where 

Table 2. Spearman rank correlation coefficients (r,) for mean The results calculated for each 24 h period and aver- 
d d y  regressions of the net CO, efflux (F,-pos) and net C 0 1  aqed over the full measurement season are shown in 
uptake (~ , -neg)  on soil temperature, Tsl and depth to water Table 3. FR(-) is more than twice as high during the 

table, WT. Correlations apply to the 0.05 confidence level dry period compared to the wet period. 
Table 3 indicates that this procedure gives an aver- 

Significant age FP(-, which is 80% higher and an average FR(-) 

F,-neg No/Yes which is 140 % higher in the dry period than in the wet 

F,-pos Yesffes period. One would assume that fi(-) during the dry 
period, which was drier, sunnier and warmer with 
greater transpiration (Table 1) and stomatal conduc- 
tance, would be higher than during the wet period. 

tance. However, by late afternoon, net photosynthesis These results are conjectural and it is clear that FR(minl is 
does not correspond to the second stomatal conduc- substantially higher under warmer and drier soil condi- 
tance peak, presumably because increased photosyn- tions than with a cooler and wetter soil environment. 
thesis is offset by increased respiration. 

The mean daily F, over the midsummer o OS 

season was not distributed normally and 
the nonparametric Spearman rank test 
was used to investigate its associations 

0.06 
with specific environmental variables. The 
analysis was performed using a l-tailed 
test at the 0.05 confidence level. In Table 2, 
F,-neg refers to those days when there was O o 4  

a net photosynthetic uptake of CO, and F,- g 
U 

pos refers to those days when there was a 3 
G 

net respiration loss. The Spearman rank 
correlation coefficient indicated that the g O o 2  

relationship between F,-neg and F,-pos 
and depth to water table, WT, was signifi- o 
cant on a daily basis. This indicates that 
as the water table depth increases the 
magnitude of both F,-neg and F,-pos also 

4 . 0 2 - , , , , : , , , , , , , ~ ~ ~ ~ , , , ~ . . , , . ~ 7 ! ~ ~ ~ ~ . ~ ~ 1 ~ ~ ~ ~ ~ ~ . ~ ~ ~ ~ ~ ~  
increases. Also significant is the direct I I 25 I 8 I S 22  29 

l8 July Augun 
relationship between F,-pos and the mean 
daily soil temperature, T,. Both results Fig. 8. Daily averages of the net CO2 flux over the measurement period 
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Dry Period 
.-- 

0 I 

Wet Period 

a I 
0 2 4 6 8 10 I2 14 16 18 20 22 24 

Solar T~me 

10 12 14 16 20 22 24 Fig. 10. Diurnal pattern of the seasonally averaged net CO, 

Solar Time flux. Note that sunrise occurs at 04:30 h and sunset occurs at 
20:oo h 

Fig. 9. Diurnal patterns of CO2 concentrations for dry (solid 
line) and wet (dashed Line) periods 

7. DISCUSSION 

The 2 most important results of this study are that 
there is net CO2 loss during the midsummer period 
when photosynthesis is most active, and the striking 
dlfference in the CO2 budget between dry and wet 
periods. 

Tab!e 3. Net CO2 flux, F, (measured), minimum respiration 
f l u ,  FR(,,,,,, and photosynthesis flux, FP(-,, averaged for dry 

and wet periods (mg m-' S-') 

Dry period 0.042 0.134 -0.092 
Wet period 0.004 0.055 -0.051 

The first observation is in agreement with several 
other high latitude studies (Table 4). Recent Alaskan 
studies indicate a net loss of CO2 during the growing 
season. In contrast, however, a study in the southern 
Hudson Bay Lowland (HBL) (Neumann et al. 1994) 
found a net CO2 uptake. In Table 4, the net CO2 flux 
dlfference between the Neumann et al. (1994) study 
and the others is possibly a result of the vegetation that 
characterizes the southern HBL site. In adhtion to 
mosses and lichens, the southern HBL site supported 
shrub and tree species, while the sites in Alaska and 
Churchill were dominated by sedges and grasses. 

Over the approximately 2200 yr since marine emer- 
gence of the study site, there has been an accretion of 
about 0.40 m of organic soils on the hummocks and 
about 0.10 m in the hollows. If one assumes a continu- 
ous steady rate of peat accumulation, thls site would be 
accumulating at a rate of 0.1 mm yr-l. If one goes 

Table 4. Current estimates of mean CO, flux (g m-' d-') in arctic and subarctic ecosystems. Negative sign indicates net uptake 

Study Ecosystem Location Duration Method CO2 flu 

Oberbauer et al. Sedge riparian Irnnavait Creek, Alaska June 18-July Dynamic chamber 1.60 
(1992) tundra (68" 38' N, 149" 25' W) 24, 1990 

T h ~ s  study Subarctic sedge fen Churchill, Manitoba July-August Bowen ratio 1.12 
(58" 45' N, 94" 04' W) 1993 (27 d) energy balance 

Oechel et al. Wet coastal tundra Prudhoe Bay, Alaska Summer 1990 Ecosystem cuvette and 0.35 
(1993) (70" 22' N, 148" 45' W) gas exchange system 

Fan et al. Wet meadow tundra Bethel, Alaska July-August Eddy correlation 0.30 
(1992) and upland tundra (61" 5.4' N, 162" 0.9' W) 1988 (30 d)  

Neumam et al. Peat bog Lake Kinosheo, Ontario June 25-July Bowen ratio energy balance -1.70 
(1994) (51" 33' N, 81" 49.5' W) 28, 1990 and eddy correlation 
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inland 60 km the landscape is about 5000 yr old and 
organic soils on the order of 1.0 m deep are observed 
(Dredge 1979). Using the same assumptions as above, 
the older landscape has been accumulating peat at a 
rate of 0.2 mm yr-l. If our evidence is Indicative of the 
contemporary average condition, the processes that 
might be causing a net loss rather than a net accumu- 
lation of carbon in the organic soils in the present day 
need to be discovered. Causes might be related to a 
decrease in rates of photosynthesis or to an increase in 
the rates of respiration or both. A decrease in photo- 
synthetic rates might be due to less sunlight, fewer 
nutrients, drier and cooler conditions or a combination 
of 2 or more of these factors. An increase in respiration 
would most likely be related to warmer and/or drier 
conditions. The long-term climatic evidence indicates 
a general warming in this area of 0.5"C during the last 
century (Skinner & Gullett 1993). There has been no 
statistically significant change in precipitation during 
the historical record which dates back to 1943. Thus a 
somewhat warmer and drier scenario appears to repre- 
sent the contemporary scene. 

The second important observation in this study indi- 
cates that a relatively small change in soil moisture 
content and temperature can promote a substantial 
change in CO2 loss. Thus for the dry period, in which 
the surface soils were 4OC warmer and the water table 
0.02 m lower, the net carbon loss was an order of mag- 
nitude greater than in the wet period. Since the dry 
period was sunnier and underwent more evapotranspi- 
ration, one can assume a greater photosynthesis, 
which is supported by the results in Table 3. However, 
the greater respiration more than compensated for 
enhanced photosynthesis. Our tentative hypothesis is 
that warmer and drier summer conditions can promote 
substantially increased net CO2 losses and that general 
20th century warming may, at least temporarily, be 
reversing the more general situation of net carbon fix- 
ation in these peatlands. 

8. CONCLUSIONS 

Under normal midsummer climatic conditions there 
is a consistent net daily CO2 loss from wet-sedge tun- 
dra to the atmosphere. The magnitude of the CO, loss 
is comparable to, but near the high end of, other recent 
studies. The CO2 loss increases with warmer and drier 
soil conditions which strongly increase respiration 
rates from the organic soils. Further study of the rela- 
tionship between the thermal and hydrologic regime 
of the peat substrate and CO2 flux may indicate that 
carbon accumulation in peat soils has been temporarily 
reversed in response to warmer temperatures and 
resulting higher and drier soil conditions. 
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