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Summary. Carbon dioxide efflux and soil microenviron- 
mental factors were measured diurnally in Carex aquati- 
lus- and Eriophorum angustifolium-dominated riparian 
tundra communities to determine the relative importance 
of soil environmental factors controlling ecosystem carbon 
dioxide exchange with the atmosphere. Measurements 
were made weekly between 18 June and 24 July 1990. 
Diurnal patterns in carbon dioxide etttux were best ex- 
plained by changes in soil temperature, while seasonal 
changes in efflux were correlated with changes in depth to 
water table, depth to frozen soil and soil moisture. Carbon 
dioxide efflux rates were lowest early in the growing season 
when high water tables and low soil temperatures limited 
microbial and root activity. Individual rainfall events that 
raised the water table were found to strongly reduce 
carbon dioxide efltux. As the growing season progressed, 
rainfall was low and depth to water table and soil temper- 
atures increased. In response, carbon dioxide efflux in- 
creased strongly, attaining rates late in the season of 
approximately 10 g CO2 m -2 day -1. These rates are as 
high as maxima recorded for other arctic sites. A math- 
ematical model is developed which derr/onstrates that soil 
temperature and depth to water table may be used as 
efficient predictors of ecosystem CO 2 efflux in this habitat. 
In parallel with the field measurements of CO2 eltlux, 
microbial respiration was studied in the laboratory as a 
function of temperature and water content. Estimates of 
microbial respiration per square meter under field condi- 
tions were made by adjusting for potential respiring soil 
volume as water table changed and using measured soil 
temperatures. The results indicate that the effect of these 
factors on microbial respiration may explain a large part 
of the diurnal and seasonal variation observed in CO2 
efflux. As in coastal tundra sites, environmental changes 
that alter water table depth in riparian tundra com- 
munities will have large effects on ecosystem CO2 efflux 
and carbon balance. 
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Although riparian communities occupy only a small pro- 
portion of the foothill tundra north of the Brooks Range in 
arctic Alaska, these communities are extremely important 
from the perspective of landscape processes. While most 
tundra communities obtain nutrients primarily from de- 
composition and atmospheric deposition, streamside com- 
munities also receive nutrients in runoff from upslope 
areas (Kummerow et al. 1987). Riparian areas are the last 
terrestrial filter for nutrients before they are lost to the 
aquatic system. Nutrient uptake by mass flow is facilitated 
as compared to other tundra communities because plants 
are frequently rooted in flowing water (Chapin et al. 1988). 
Furthermore, the transfer of thermal energy from flowing 
water results in greater thaw depths, hence larger rooting 
volumes, than found in other moist tundra communities. 
Riparian communities in foothill tundra are similar to 
coastal wet tundra in that the belowground microenviron- 
ment is dominated by water tables close to the surface. 
Consequently, soils are frequently anaerobic and de- 
composition limited. 

Water table appears to be one of the primary controls 
on CO 2 losses in wet tundra and bog systems (Billings 
et al. 1982, 1983; Peterson et al. 1984; Luken and Billings 
1985; Moore 1989). For example, Billings et al. (1983), in a 
study using tundra microcosms from Barrow, Alaska, 
estimated an annual net gain of 119 g CO 2 m -2 when the 
water table was at the surface, but an annual net loss of 
476 g CO2 m - 2  when the water table was 10 cm below 
the surface. As a result of high water tables, wet tundra and 
bog areas have a potential for lower carbon losses than 
drier tundra communities. Thus, given similar productivi- 
ties (Shaver and Chapin 1991), the potential for carbon 
storage is greater in riparian areas than in drier, upland 
tundra. 

Considerable effort has been made to assess the carbon 
exchange from tundra and bog systems because of the 
large amounts of stored carbon in these systems and the 
implications of release of this carbon for global climate 
(Billings et al. 1977, 1978, 1982, 1983; Peterson et al. 1984; 
Luken and Billings 1985; Moore and Knowles 1989; 
Grulke et al. 1990). Temperatures in the Arctic are ex- 
pected to sharply increase with climate warming, raising 
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the poss ib i l i ty  of increased decompos i t i on  leading  to a 
posi t ive feedback for g loba l  warming.  C l imate - induced  
a l te ra t ions  in the water  table  of t u n d r a  pea t l ands  m a y  be 
of equal  or  greater  impor t ance  than  t empera tu re  for 
ca rbon  ba lance  ( M o o r e  and  Knowles  1989; G o r h a m  
1991). Co t tongras s  tussock t u n d r a  communi t i e s  in the 
foothil ls  of the Brooks  Range  m a y  have a l ready  become a 
source of C O  2 as a result  of a c o m b i n a t i o n  of these factors 
(Oechel  and  Billings 1992). 

A l though  b e l o w g r o u n d  condi t ions  of r ipa r i an  t u n d r a  
are s imilar  to those  of coas ta l  wet tundra ,  r ipa r i an  areas  in 
the Foo th i l l  Province  of  the N o r t h  Slope of  Alaska  have 
received relat ively little a t t en t ion  from the perspect ive of 
c a rbon  losses and  storage.  Soils in r ipa r ian  areas  are 
a m o n g  the deepest  and  have the greatest  quant i t ies  of 
s tored  ca rbon  a m o n g  the vegeta t ion  communi t i es  of the 
foothi l l  region (Wa lke r  et ~1. 1989), so they are of par t icu-  
lar  impor t ance  f rom the perspect ive of ca rbon  balance.  
The object ives of this s tudy  were: (1) to assess the poten t ia l  
rates of CO2 efflux from r ipar ian  t und ra  t h r o u g h o u t  the 
growing  season, and  (2) to de te rmine  those env i ronmenta l  
factors that  mos t  s t rongly  affect po ten t ia l  CO2 efflux. 
CO2  efflux occurs  s imul taneous ly  with pho tosyn the t i c  
fixation, and  because  a con t inuous  p h o t o p e r i o d  persists 
t h r o u g h o u t  the growing  season in tundra  systems, a direct  
measure  of ac tua l  CO2 efflux is not  feasible. Consequent ly ,  
to es t imate  CO2 efttuxes, we used a d a r k - c h a m b e r  tech- 
nique (Pe terson  and Billings 1975), which provides  a 
measure  of po ten t i a l  c o m m u n i t y  C O  2 losses including 
resp i ra t ion  due to a b o v e g r o u n d  p lan t  b iomass  bu t  ex- 
c luding tha t  of vertebrates .  This s tudy was made  in the 
context  of an  overal l  examina t ion  of ca rbon  losses and 
their  cont ro ls  in an arct ic  wate rshed  a long a toposequence  
of p lan t  communi t i e s  from l ichen-heath  vegeta t ion  to 
tussock t und ra  and  r ipa r i an  vegetat ion.  

Material and methods 

Study site 

This study was conducted at the U.S. Department of Energy R4D 
study site in the Imnavait Creek watershed along the Dalton 
highway in the northern foothills of the Philip Smith Mountains in 
arctic Alaska (68~ 149~ The topography, soils, and 
vegetation of the site have been described in detail by Walker et al. 
(1989). Measurements were conducted in riparian vegetation on the 
north edge of Imnavait Creek. The vegetation was dominated by the 
graminoids Carex aquatilis Whalenb., Eriophorum scheuzeri Hoppe 
and E. angustifoIium Honck., with lesser amounts of the shrubs 
Andromeda polifolia L. and Salix fuscescens Anderss. 

Carbon dioxide efflux measurements were made within six plots 
(2 x 10 m) that were randomly selected along a linear transect 
adjacent to Imnavait Creek. These plots were dominated by Carex 
aquatilis and will be referred to as Carex plots. Soils in the Carex 
plots were predominantly pergelic cryofibrists with organic horizons 
extending below the depth of thaw. Decomposing Sphagnum and 
sedge leaves and roots made up the bulk of the material. A distinct 
transition from aerated to anaerobic conditions occurred from 
5-15 cm indicated by a shift from yellow-brown to a dark brown or 
black horizon. For comparison with the more prevalent streamside 
vegetation, two additional plots were established in pure stands of 
Eriophorum angustifolium (Eriophorum plots). These sites were lo- 
cated at the base of the slope where water tracks merge with Imnavait 
Creek (Walker et al. 1989). The soils were histic pergelic cryaquepts 
with shallow (2-5 cm), loose organic horizons comprised of decom- 
posing sedge leaves and roots above a gray silty clay that probably 
resulted from deposition from downslope water flow. These soils are 
frequently flooded and the lower portion of the organic layer was 
noticeably anaerobic. Soil bulk density for the upper 5 cm of soil and 
live plant aboveground biomass with full vegetation development 
are shown in Table 1. All work was done from elevated aluminum 
bridges with fiberglass legs to minimize damage to the plots from 
trampling and physical disturbance of the substrate that might 
enhance the release of CO 2- 

Site environments 

Microclimate was monitored continuously at a single site in the 
creek basin during the 1990 growing season to obtain a general 
description of environmental conditions. Precipitation, photosyn- 
thetic photon flux density, humidity, air temperature, and soil 
temperatures at 1, 5, 10, and 20 cm below the moss surface were 
measured. Sensors were read with a Campbell 21X micrologger 
(Campbell Scientific, Logan, Utah) with 5-rain scans and the data 
were stored as hourly averages. 

In addition to the microclimate monitoring for the basin, quanti- 
tative measurements of soil environmental factors were made weekly 
for each plot. Measurements included depth to water table, soil 
solution pH, and soil oxygen diffusion rate. Depth to water table 
below the soil surface was measured at three locations per plot in 
wells made of perforated polyvinyl chloride (pvc) pipes, pH was 
measured within the wells using glass membrane electrodes and a 
portable pH/mv meter. Depth of thaw was measured at three marked 
locations per plot using a graduated stainless rod. Oxygen diffusion 
rate was measured polarographically at various depths with a soil 
oxygen diffusion ratemeter (Model D, Jensen Instruments, Tacoma 
Washington) and platinum electrodes (Letey and Stolzy 1964). One 
depth profile for oxygen diffusion rate was established per plot on a 
weekly basis. A point in the profile was taken to be aerated when 
readings were greater than a threshold value of 0.25 gA, which 
corresponds to a oxygen diffusion rate ofO.O15 p.g 02 cm -2 min - 1 

C02 efflux 

Efl]ux of  C O  2 was  measured using a system similar to that described 
by Oberbauer et al. (1991). Measurements were made weekly on six 

Table 1. Mean soil bulk density (g soil 
dry weight cm-3, 0-5 cm depth, n= 6), 
soil carbon (percentage soil dry weight, 
0-5 cm depth, n= 6), seasonal average 
soil moisture (g H20  g - t  soil dry 
weight, 0-5 cm depth, n = 36 for Carex, 
n = 12 for Eriophorum), and moss big- 
mass (g m -  2), and aboveground vascular 
plant biomass (g dry weight m -z,  n= 12 
for Carex, 4 for Eriophorum) + 1 SE for 
Carex and Eriophorum plots 

Community Bulk Percent Soil Moss Vascular 
density carbon moisture biomass biomass 

Carex 0.078 29.8 10.91 216 54 
(0.005) (2.8) (0.63) (60) (10) 

Eriophorum O. 153 20.0 4.48 0 132 
(0.006) (1.5) (0.38) (0) (45) 

Biomass values are derived from that measured in sample tubes on 24 July 
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dates between 18 June and 24 July 1990, a period that  covers the 
majority of the active plant growth period. Sampling was conducted 
over a 24-h period at 4-h intervals starting at 2000 hours. Carbon 
dioxide flux was measured as the transient rate of change of CO2 
concentration in sealed opaque white pvc tubes inserted into the soil. 
The edges of the tubes (8 cm inner diameter) were sharpened to aid 
insertion into the soil. In addition, a serrated knife was used to make 
a circular cut into the soil in which the tube was inserted to minimize 
soil compression. Because destructive sampling of biomass and soil 
moisture followed completion of the measurements for each sam- 
pling date, sample tubes were relocated for each sample date. Sample 
tubes were implanted 10-15 cm deep into the soil at least 5 days in 
advance of measurements in order to minimize CO2 release by 
physical processes or from damaged tissues. For the Carex plots, two 
tubes were located randomly along the edge of each plot providing a 
total of 12 tubes per sample date in the Carex community. For the 
Eriophorum plots, which were on slight inclines, tubes were located 
sequentially from the low end of the plots to minimize effects on 
samples taken on later dates. A total of four sample tubes were used 
per sample date in the Eriophorum community. The typical vegeta- 
tion included within a single sample tube from the Carex plots 
included a Sphagnum mat with several sedge tillers and occasional 
small dicots. In the Eriophorum plots, spacing of tillers was such that 
no more than one tiller and frequently no tillers were included within 
the sample tubes. 

The sample tubes remained open until immediately preceding a 
measurement when they were sealed closed with a pvc cap. A gas- 
tight seal was provided by contact between the polished ends of the 
tubes and a ring of closed-cell foam mounted on the inside of the cap; 
an 800-g weight gently placed on top of the cap aided sealing. Inlet 
and outlet ports were located near the center of the chamber cap. The 
inlet port was extended within the chamber with a 12-cm piece of 
tubing so that air entered near the bottom of tbe chamber but was 
removed near the top. This arrangement maximized mixing of 
chamber air while minimizing the possibility that any water at the 
bottom of the chamber might enter the outlet air line. We used an 
unventilated chamber design because previous experience had indi- 
cated that  vigorous stirring of the air and/or motor vibration releases 
CO2 trapped within soil air spaces resulting in abnormally high 
efftux rates. A flow rate of 28 cm 3 s -1 was used in all cases. 
Chamber volumes depended on the height of the tube above the soil 
and ranged from 600 to 1300 cm 3 with an average of about 900 cm 3. 
Chamber  volume was determined for each measurement based on 
the volume of air space above the soil (or standing water) with the 
assumption that soil air space was negligible relative to the total 
volume of the chamber. Observations were begun when complete 
mixing of the system volume was judged to occur as indicated by a 
steady rate of change in CO 2 concentration, which was usually 
reached in 1-3 rain. The change in CO2 concentration was moni- 
tored over a 30-s interval using a Li-Cor Li-6200 portable gas 
exchange system (Li-Cor, Inc, Lincoln, Nebraska). Changes in CO2 
concentration over the period averaged approximately 5 gl 1-1 
Three observations were made per sample tube at each sampling 
interval to verify that complete mixing of the system air volume had 
been attained as indicated by similar readings of efflux rate for the 
three observation intervals. If readings from the three intervals were 
not stable, the procedure was repeated. Typically the last two 
observations were within + 5% of each other. 

Simultaneous with the CO 2 efflux measurement, soil temperature 
was measured within 2-3  cm of each soil tube using copper- 
constantan thermocouples made of 23 gauge wire threaded through 
4 mm-diameter wooden dowels and inserted to 1, 5, and 10 cm 
depth. Thermocouples were placed in the soil several days in advance 
of measurements. Temperatures were read with a Campbell 21X 
micrologger using the internal panel reference. 

Following completion of a 24-h sampling period, the depth of 
thaw and depth to water table with respect to the soil surface were 
recorded for each sample tube. Depths to water table were measured 
by observing to what level water filled in the hole resulting from 
removal of the soil within the sample tube. In practice, however, 
depths to water table greater than 25 cm, such as were found on the 

last sample date, could not be measured by this method and were 
treated as equal to 25 cm. Depth of thaw was determined using a 
graduated stainless steel rod inserted into the soil until frozen soil 
was encountered. A sample of the upper 5 cm of soil was placed in 
soil tins for determination of percent water content on a dry weight 
basis. The aboveground biomass within each tube was harvested and 
separated into mosses and vascular plants. Both soil tins and plant 
biomass were oven dried at 80~ for 48 h or more before deter- 
mination of dry weight. Soil moisture on a volumetric basis 
(g H20  cm-3  soil) was calculated as the product of soil water 
content on a soil dry weight basis and soil bulk density (Table 1). Soil 
bulk densities were determined from 15 x 15 cm blocks of soil that 
were cut out, dried at 80 ~ C, and weighed. 

Rate  data analysis 

The average of the last two of the three observations made for each 
sample tube during each sample period were taken as the final flux 
rate. The flux rates from the two tubes per plot were treated as 
subsamples and averaged to calculate a mean value per plot for each 
sampling period. All calculations of daily and seasonal means and 
their standard errors are based on such averaged plot values. During 
some measurements (less than five per measurement date) it was 
apparent that the process of sampling disturbed CO 2 held in the soil 
and therefore resulted in abnormally high and unstable efltux rates. 
These instances were noted and samples were removed from the 
analyses. Seasonal differences were tested using the mean daily CO 2 
efflux for each plot on a given sample date using a two-way analysis 
of variance. The correlations between soil environmental factors and 
CO 2 efflux at different sample dates of the season were assessed using 
Spearman rank correlation. 

Regression modelling 

The C O  2 efflux data were fitted to a model (Eq. 1) incorporating the 
Arrhenius function for temperature and an asymptotic function for 
depth to water table with the intent to develop a simple mathemat- 
ical description for CO 2 efflux from riparian tundra in response to 
soil enviromnental factors. An asymptotic model was chosen based 
on preliminary examination of the data which suggested that at 
depths greater than 10 cm, depth to water table had little effect. 

R s = C" e ~ -E/R'Tk) . etSwt) (1) 

where C is a constant providing units of gmol m -2 s - 1, Rs is rate of 
CO:  efflux (gmol m 2 s-~),  R is the gas constant (8.31 J mol - I  
~K-1), T k is the soil temperature (K) at 1 cm depth, E is the 
apparent activation energy (J m o l - t ) ,  and Sw~ is an empirical 
function representing the effect of soil water table. The parameter S wt 
was determined as a function of soil water table. 

Sw, = A. Wt/( Wt + B) (2) 

where Wt is depth to water table below soil surface (cm) and A and B 
are regression coefficients. Parameters E, A, and B were estimated 
using nonlinear least-squares regression. 

Microbial  respiration 

To estimate the contribution of microbes to system CO 2 efflux, we 
measured basal microbial respiration rate throughout  the season 
and then scaled it for the effects of soil temperature and depth to 
water table. Basal respiration of soil samples from each of the plots 
was measured in our field laboratory at weekly intervals during the 
study period under standard conditions following procedures of 
Cheng and Virginia (1992). The method is based on a modification of 
the techniques developed by Anderson and Domsch (1978) and 
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Cheng and Coleman (1989). For these measurements, soil samples of 
0-5 cm depth below the green moss layer were extracted, the live 
roots and rhizomes were removed by hand, and the soil homogen- 
ized. Care was taken to remove as much of the fine root material as 
practical, but some fine roots undoubtedly remained. Fifteen grams 
of soil material were placed into sealed 125 ml Erlenmeyer flasks 
attached to an open gas exchange system. The depth of soil in the 
flasks was usually less than 2 cm. Because the soils were always moist 
when field collected, measurements were taken using the natural 
hydration levels. Incubation temperature was maintained by par- 
tially submerging the flasks in a water bath maintained at 22 ~ C. 
Carbon dioxide concentrations were measured with an infrared gas 
analyzer (Li-Cor 6251, Li-Cor, Inc, Lincoln, Nebraska) using a flow 
rate of 0.181 min -1. Preliminary measurements indicated that 
effluxes stabilized within the first 20-30 min and maintained a stable 
rate for 4-5 h following sealing of the flasks. To standardize the 
measurements, respiration readings were taken 40 rain after sample 
placement in the gas exchange system. The short time that samples 
were in the flasks and low flow rates used precluded significant 
dehydration of the samples during measurement. Soil samples were 
measured within 1 week of collection. Significant seasonal changes in 
basal respiration rate between sampling dates were not detected. 

Temperature response curves of microbial respiration were used to 
scale the basal microbial respiration rate to soil temperatures 
measured in the field. To obtain these response curves, soil samples 
from 0-5 cm depth were collected in mid-July, placed in sealed 
plastic bags, and shipped under refrigeration to the laboratory in San 
Diego. Samples were stored at 2-5~ for 30 days until measure- 
ments could be made. Similarity between respiration rates in the 
laboratory and measurements of basal respiration of fresh material 
in the field at comparable temperatures indicated that samples were 
not detrimentally affected by the storage period (mean values at 
22~ were within 10% of each other). Sample preparation and 
measurement followed procedures described above for the basal 
measurements. Preliminary experiments indicated that homogenized 
riparian soils, similar to those found under Carex, are insensitive to 
water content between 700 and 1500% water (Cheng et al. unpub- 
lished), which spans the range of holding capacity and water contents 
measured under field conditions (Fig. 1). Respiration of the samples 
was determined at 5, 10, 15, 25, and 35~ and a regression equation 
was computed using linear regression of log-transformed data (r 2 
was greater than or equal to 0.99 in all cases). 

Estimates of microbial respiration for each field sampling date 
were made by adjusting the mean seasonal basal respiration rate for 
the effect of field soil temperatures and water table. The temperature 
effect was applied by adjusting the intercept of the temperature 
response so that the rate at 22 ~ C corresponded to the mean seasonal 
basal rate measured at 22 ~ C. The mean of soil temperatures taken at 
1 and 5 cm depth during field measurements was then input into the 
adjusted temperature response curve to estimate a respiration rate 
for field soil temperatures. Microbial respiration per gram of soil was 
converted to a per square meter basis by multiplying by the soil bulk 
density and the volume of soil in 1 m 2 to a depth of 10 cm. The effect 
of water table (as a surrogate for soil aeration) was included by 
multiplying the estimated m 2 rate by the percentage reduction from 
the maximum predicted by Eq. 1 at depths to water table shallower 
than 10 cm. While this rate per square meter is based on bulk density 
and respiration characteristics determined only for samples taken 
from 0 5 cm depth, subsequent examination of the profile in these 
soils indicated that as respiration rate per gram dry weight of soil 
decreases with depth, bulk density increases and tends to offset 
changes on a soil volume basis. 

Results 

Seasonal patterns 

Depth  to frozen soil in the Carex plots  increased l inearly 
from 18 June to 24 July  (Fig. 1A). In  contras t ,  thaw depth  

in the Eriophorum plots  was shal low early in the season bu t  
increased rap id ly  in midseason  and u l t imate ly  a t ta ined  a 
greater  mean  dep th  than  the Carex plots.  Dai ly  mean  soil 
t empera tu res  recorded for 5 cm depth  ad jacent  to the soil 
tubes showed an increasing t rend over  the season in bo th  
communi t i es  but  were clearly influenced by d iurna l  
weather  factors (Fig. ! B). Soil t empera tu res  at  5 cm depth  
were greater  in the Carex plots  than  in the Eriophorum 
plots  despi te  the greater  thaw depth  in the  Eriophorum 
plots.  The greater  thaw depths  in the Eriophorum plots  
p r o b a b l y  resulted from greater  thermal  conduct iv i ty  of the 
minera l  soils and  the thermal  energy del ivered in water  
which cons tan t ly  flowed th rough  these sites downs lope  
from water  tracks. The  combina t i on  of moving  water  and  
mel t ing of the under ly ing  permafros t  in these soils simul- 
taneous ly  buffers them agains t  var ia t ions  in surface tem- 
pera tu re  (Har ley  et al. 1989) and resul ted in lower soil 
t empera tu res  than  the Carex plots.  

Dep th  to water  table  increased over  the season for bo th  
communi t ies  and  was grea ter  for the Carex plots  than  for 
the Eriophorum plots  for mos t  of the sample  per iod  
(Fig. 1C). Overal l ,  the dis tance of water  table  from the 
surface para l le led  the seasonal  increase in thaw depth.  In  
the Carex plots,  the dep th  of s tanding  water  above  frozen 
soil was app rox ima te ly  20 cm for much  of the season 
except when the water  table  rose fol lowing a large rainfall  
on  2 July  (Fig. 1C, 1D). Soil water  content  in the upper  
5 cm showed an overal l  seasonal  decrease in the Carex 
plots  reflecting the lowering of the water  table,  with 
t e m p o r a r y  f luctuat ions  due  to rainfall  on 2 July  (Fig. IE). 
In contrast ,  soil water  conten t  in the Eriophorum plots  was 
more  or  less cons tan t  t h roughou t  the season, with the 
except ion of 9 -10  July, when water  content  appea red  
higher  than  o ther  sampl ing  dates. This a bno rma l ly  high 
value is an art i fact  of the chance selection of samples  
composed  entirely of organic  soil ins tead of the usual  
o rgan ic -minera l  mixture  encounte red  for o ther  sample  
dates. As a result  of these low bulk  densi ty  samples,  the 
measured  water  content  on 9 10 July was much  higher  
than  for o ther  sample  dates. Likewise, the overal l  lower  
soil mois ture  values for the Eriophorum plots  resul ted from 
the greater  bulk  densi ty  of the soil in these plots  c o m p a r e d  
to that  of the Carex plots  and  do not  necessari ly reflect a 
difference in water  avai labi l i ty .  Changes  in aera ted  soil 
dep th  were cor re la ted  with changes in dep th  to water  
(Fig. 1C, 1F). The me thods  which we uti l ized suggested 
that  ae ra t ion  changed  only near  the surface, even when 
water  table  decreased to much lower  levels. Aera ted  soil 
depths  were greater  for the Carex plots  than  the Eriopho- 
rum plots.  Soil so lu t ion  p H  was near ly  cons tan t  for both  
vegetat ions  and was slightly higher  for the Eriophorum 
plots  (Fig. 1G). 

Seasonal  changes in C O  2 efflux (Fig. 1H) mi r ro red  
changes in the dep th  to water  table (Fig. 1C) and to a 
lesser extent, soil mois ture  and  aera ted  dep th  (Fig. 1 E, 1F). 
Rates  were low early in the season when water  tables were 
high, increased as water  table  fell, only to decrease in 
response to the higher  water  table  result ing from the 
14 m m  rainfall  on 2 July. After 2 -3  July, C O  2 etttuxes 
again  increased as depth  to water  table  fell. The seasonal  
pa t te rns  of  C O  2 efflux for the two sites were s imilar  
though rates in the Carex plots  tended to be greater  than 
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those from the Eriophorum plots. The efflux of the Eriopho- 
rum plots also remained low longer than that of the Carex 
plots following the heavy rainfall in mid-season, pre- 
sumably due to continued drainage of upslope areas into 
the water tracks where the Eriophorum plots were situated. 
By the last sampling date, rates of CO2 efflux from both 
sites were more than double early-season rates, with those 
from the Carex plots exceeding 10 g m -2 d - 1. Differences 
in soil CO2 efflux from the Carex plots over the season 
were statistically significant (Table 2). Because of the small 
sample sizes, significant seasonal differences in Eriophorum 
plots were not detected, although the changes were of the 
same magnitude as those from the Carex plots. 

The data were subjected to a correlation analysis to 
determine which factors covaried with CO 2 efflux both on 
a seasonal and a sample date basis (Table 3). In this 
analysis, only environmental factors that were directly 
monitored near the sample tubes were included. Thus, soil 
aeration was not considered; rather, direct measurements 
of depth to water table were utilized�9 When data for all 

sample tubes were taken together, thereby incorporating 
both seasonal and site variability, the factor in both 
communities most highly correlated with CO 2 efftux was 
depth to water table. Of the other soil characteristics, soil 
surface temperature, thaw depth, soil temperature at 5 cm 
depth and water content followed in order of decreasing 
correlation. Correlation coefficients for moss and vascular 
plant biomass were similar to those for soil temperature 
and thaw depth in the Carex plots, but were not significant 
for the Eriophorum plots. 

Seasonal variation was examined without site vari- 
ability effects by correlating the mean values of CO 2 e~ux  
for a sample date with mean values for soil parameters. 
The strongest correlation with CO2 efflux on a seasonal 
basis was with soil water content, followed by water table, 
thaw depth, moss and vascular plant biomass, and then 
soil temperature (Table 3). When data for each sampling 
date were considered separately (thereby examining site 
variability without seasonal variability), the pattern of the 
correlations in the Carex plots indicated that the relative 



i m por t ance  of  bo th  depth  to water  table  and  soil temper-  
a ture  changed  with sampl ing  da te  (Table  3). The  impor -  
tance of  water  table  was high ear ly in the season but  
general ly  decreased as the season progressed.  

Diurnal patterns 

Diurna l  pa t te rns  of C O  2 efflux general ly  reflected changes 
in soil t empera ture ,  the soil pa r ame te r  tha t  changes most  

Table 2. Results of analysis of variance and Tukey HSD for pairwise 
comparisons for seasonal differences in CO2 efftux from Carex and 
Eriophorum dominated plots 

Source df SS MS P 

Carex 
Date 5 15.86 3.17 0.000 
Plot 5 2.78 0.55 0.020 

Eriophorum 
Date 5 6.42 1.28 0.237 
Plot 1 1.50 1.50 0.189 

Mean C O  2 efflux (g m z d a y - l )  

Date Carex Eriophorum 

18-19 June 4.61 ab 1.11 a 
25-26 June 5.61 ab 5.47 a 
2-3 July 2.86 a 2.43 a 
9-10 July 5.26 ab 2.18 a 

16 17 July 6.28 b 6.57 a 
23-24 July 11.06 c 8.96 a 

Means in the same column followed by the same letter are not 
significantly different at P < 0.05 
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s t rongly  on a hour ly  t ime scale (Fig.  2). Da i ly  ranges of  
t empera tu re  and C O  2 efflux were general ly  greater  for the 
Carex than  for the Eriophorum plots,  again  p r o b a b l y  a 
result  of the greater  heat  capac i ty  of  the Eriophorum plot  
soils. Wi th  few exceptions,  CO2 efflux over  the course of 
the day  was s t rongly  corre la ted  with soil t empera tu res  
(Table  4). The  highest  cor re la t ions  were found with tem- 
pera ture  at  1 cm depth.  However ,  ca rbon  dioxide  efflux 
over  the day  may  also have been affected by changes in 
water  table  on some sample  dates. F o r  example,  on 2 - 3  
July, when a heavy rainfall  immedia te ly  preceded sam- 
pling, water  table  in some of the sample  tubes increased 
3 - 5  cm dur ing  the fol lowing day.  

Regression modelling 

The results of cor re la t ion  analyses  (Table  3) suggested 
that  dep th  to water  table and soil t empera tu re  would  be 
the best factors to include in a ma themat i ca l  descr ip t ion  of 
ins tan taneous  CO2 effluxes from r ipar ian  tundra .  Whi le  
changes in water  table  are assumed to affect CO 2 efflux via 
soil aerat ion,  water  table  was chosen as an independen t  
var iable  because it is more  easily measured  and  should  be 
pred ic tab le  based on t o p o g r a p h y  and hydro log ica l  bud-  
gets. The l inkage between water  table  and soil profi le 
ae ra t ion  requires further careful study. 

A mode l  was deve loped  that  i nco rpora t ed  an asymp-  
tot ic  funct ion for the dep th  to water  table  (cf. Eq. 1) and  
an Arrhenius  t empera tu re  function. The da t a  were fit to 
the mode l  and  regression coefficients es t imated  by least- 
squares regression (Table  5). The  regression coefficients 
suggest a s teeper response  to t empera tu re  and  a greater  
sensit ivity to depth  to water  table for the Eriophorum plots  

Table 3. Spearman rank correlations (rs) 
for seasonal changes in integrated diur- 
nal CO2 efflux with soil properties 

Date Tlcm T5cm T10cm Thaw Table WC Moss Vasc n 

Carex 
ALL TUBES 0.34* 0.18 0.04 0.35* 
ALL DATES 0.43 0.43 -0.03 0.71 
18 19 June 0,36 0.12 0.24 -0.27 
25 26 June -0.39 0.01 -0.22 -0.14 
2 3 July 0.34 --0.16 -0.50 -0.14 
9-10 July 0.34 0.28 0.15 -0.09 
16-17 July 0.40 0.40 0.31 0.33 
23 24 July 0.04 0.02 -0.15 0.17 

Eriophorum 
ALL TUBES 0.56* 0.47* 0.38 0.36 
ALL DATES 0.83 0.71 0.71 0,77 
18 19 June 1.00' 0.63 0.60 0.40 
25-26 June 0.40 0.40 0.40 0.40 
2 3 July 0.00 0.40 0.40 -0.40 
9-10 July 0.00 -0.20 0.40 0.11 
16 17 July -0.80 -0.40 0.40 -0.80 
23-24 July 0.40 0.40 0.40 0.80 

0.76* -0.30* 0.46* 0.40* 72 
0.88" - 1.00" 0.54 0.49 6 
0.77* 0.36 0.73* 0.15 12 
0.92* -0.18 0.52 0.52 12 

-0.04 0.14 0.34 0.43 12 
0.34 -0.57* 0.17 0.74* 12 
0.32 0.07 -0.10 -0.03 12 
0.33 -0.37 --0.03 0.50 12 

0.71" -0.01 0.17 24 
0.82 -0.02 0.20 6 

- 0.77 -0.02 0.40 4 
0.80 0.40 - -0.80 4 
1.00" - 0.40 - 0.40 4 
0.40 0.80 1.00' 4 
0.00 -0.80 -0.80 4 
0.95* -0.40 - 0.80 4 

Column headings: Tlcm, T5cm, and T 10cm = mean soil temperatures at 1, 5, and 10 cm depth, 
respectively; Thaw=depth to frozen soil; Table=depth to water table; WC=percent soil 
moisture by weight; Moss = moss biomass; Vasc= vascular plant biomass; n = sample size. 
* indicates correlation is significantly different from zero at P < 0.05. ALL TUBES includes all 
dates and all sample tubes. ALL DATES correlates mean values of all tubes for each sample 
date. Individual dates correlate mean daily values for each tube 
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Table 4. Spearman rank correlations (rs) for mean CO 2 efltux and 
mean soil temperature for the six sample periods on a sampling date 

Date 1 cm 5 cm 10 cm 

Carex 

18-19 June -0.31 -0.37 -0.13 
25-26 June 0.77 0.89* 0.43 

2-3 July 1.00" 0.94* 0.54 
9-10 July 1.00" 0.94* 0.37 

16-17 July 0.94* 0.60 -0.37 
23-24 July 0.54 0.60 0.31 

Eriophorum 
18 19 June 0.71 0.83* 0.49 
25-26 June 0.88* 0.77 0.20 
2-3 July 0.31 0.14 0.20 
9-10 July 0.94* 0.94* 0.77 

16-17 July 0.60 0.14 -0.32 
23 24 July 1.00" 0.83* 0.32 

* indicates correlation is significantly different from zero at P < 0.05 

Table 5. Parameters E, A, and B estimated for model represented by 
Eq. 1 and Spearman rank correlation (rs) between measured values 
and values calculated using Eq. 1 

E A B rs n 

Carex 29,144 13.319 0.321 0.77* 398 
Eriophorum 71 ,178  30.359 0.044 0.80* 132 

n = sample size 
* indicates correlation is significantly different from zero at P < 0.05 

c o m p a r e d  to the Carex plots. Whi le  the small  sample  size 
for the Eriophorum plots  precludes any definitive state-  
ments  abou t  differences between the two communit ies ,  
greater  sensit ivity to water  table change in Eriophorum is 
reflected in Fig. 1 as very small  changes in surface layer 

ae ra t ion  that  lead to large changes in C O  2 efftux. The 
regression mode l  descr ibed the pa t t e rn  and range of 
measured  values fairly well. Spea rman  rank  corre la t ions  
between the measured  and  mode l -genera ted  values were 
0.77 and  0.80 for the Carex and  the Eriophorum plots,  
respectively. The only da t a  range f rom the Carex plots  that  
was not  adequa te ly  covered by  the mode l  co r re sponded  to 
effluxes less than  1 gmol  m -2  s - 1 at depths  to water  table  
between 5 and 10 cm. 

Microbial respiration 

To determine  the poten t ia l  con t r ibu t ion  of microb ia l  
resp i ra t ion  to measured  C O  2 effluxes, the basa l  microb ia l  
resp i ra t ion  rate  was scaled to field t empera tu res  using 
t empera tu re  responses of microb ia l  resp i ra t ion  and  scaled 
to field water  tables levels using Eq. 1. The pa t te rns  of 
es t imated  microbia l  resp i ra t ion  showed s t rong corre- 
spondence  to dai ly  mean  C O  2 efflux as ca lcula ted  from 
the in tegra t ion  of d iurna l  field measurements  (Fig. 3). The 
cor respondence  between measured  and  actual  rates was 
par t i cu la r ly  close late in the season when depth  to water  
table  had  min ima l  effect on the es t imated  microb ia l  respi- 
rat ion.  Spea rman  corre la t ions  (r s) between es t imated  and  
measured  dai ly  mean  C O  2 efflux were 0.93 for bo th  Carex 
and Eriophorum plots.  

Discussion 

The results of this s tudy indicate  that  C O z  efflux from 
r ipar ian  tundra  communi t ies  varies p r imar i ly  in response 
to changes in the dep th  to water  table a n d / o r  soil mois ture  
and changes in soil tempera ture .  Of  the two Eriophorum 
plots,  the lowest  mean  etttux was found for the plot  with 
the highest  water  table, and  a m o n g  the Carex plots,  the 
lowest  mean  rates of efflux were found for the plots  with 
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Fig. 3. Seasonal patterns of measured mean daily ecosystem CO2 
etttux (based on integration of instantaneous measurements at 4-h 
intervals) and estimated daily microbial respiration based on ob- 
served temperature and depth to water table for Carex and Eriopho- 
rum plots in the field. Solid dot and line; measured CO2 efflux; open 
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the highest mean water table (r s = 0.94). Presumably the 
mechanism controlling CO2 loss in response to depth to 
water table is related to oxygen diffusion limitation. Our 
measurements of oxygen diffusion rate were not appar- 
ently of sufficient resolution to indicate all changes in 
aeration that occurred with seasonal changes in water 
table and CO2 efflux. However, even with the present 
method it was apparent that rates of CO 2 etttux were low 
until the depth of aeration increased during late season 
and that seasonal trends in depth to water table and depth 
of aeration were similar. Our use of water table as an 
indicator of aeration is further supported by Whalen et al. 
(1993) who, based on micro-oxygen electrode measure- 
ments, suggest that moist tundra soils remain oxygenated 
to the water table with a rapid depletion of oxygen at or 
within 1 cm of the water table. 

Soil moisture has often been identified as an important 
control on arctic ecosystem CO 2 effluxes (Billings et al. 
1982, 1983; Luken and Billings 1985; Oberbauer et al. 
1991). In this study, correlations between soil moisture 
and CO2 efflux were very high from a seasonal perspec- 
tive, but explained less of the site variability in CO 2 
effluxes than depth to water table. We attempted to fit the 
CO 2 efflux data to a model incorporating a parabolic 
function for soil moisture content and an Arrhenius 
temperature function (Siegwolf 1987; Oberbauer et al. 
1991). The correspondence between measured and calcu- 
lated values was considerably lower for this model (r s 
= 0.47 for Carex  plots) than for the model using depth to 
water table (r s =0.77). This result is probably a conse- 
quence of the very high soil moistures observed through- 
out the study; soils were usually above field capacity and 
probably at no time during the season was respiration 

limited by low soil water contents. As described in Meth- 
ods, preliminary laboratory studies suggest that microbial 
respiration from riparian soils is insensitive to soil moist- 
ure across a large range of soil water contents. 

Soil temperature is a factor which modifies the respi- 
ration rates permitted by prevailing water table or thaw 
depth. The results of the correlation analysis and the 
microbial respiration estimates suggest that early season 
rates were limited by low soil temperatures, particularly in 
the Eriophorum plots. Late in the season, as water tables 
fell, soil temperature appeared to contribute to the high 
observed CO2 efflux rates. Nevertheless, seasonal in- 
creases in mean soil temperature were small and the 
primary effect of temperature is seen in diurnal changes in 
CO2 efflux. Temperature at 1 cm depth rather than a 
measurement at greater depth was most strongly corre- 
lated with diurnal changes in CO a efftux. Temperatures 
near the soil surface can change rapidly depending on 
radiation and wind conditions and therefore a deeper 
soil temperature, more indicative of average soil condi- 
tions, might be expected to provide a better correlation. 
Oberbauer et al. (1991) found that temperature at 5 cm 
rather than 2 cm depth provided a better overall correla- 
tion with C O 2  efflux in drier tussock and water track 
tundra. The difference in results of the two studies may be 
related to the very high soil water contents found in this 
study. High soil water contents would tend to buffer rapid 
changes in surface temperatures. The smaller diurnal 
variaLion in temperature and CO 2 efflux for the Eriopho- 
rum plots, which had greater bulk densities and higher 
water levels, tend to support this idea. 

The estimates of microbial respiration presented would 
suggest that microbial respiration accounts for a major 
portion of measured CO 2 efflux. These rates, however, are 
based on the assumptions that (1) soil temperature pre- 
dominantly determines diurnal rate changes, (2) that 
microbial respiration CO 2 flux originates equally from all 
points within the upper 10 cm of the soil profile when the 
layers are above the water table, and (3) that respiration 
characteristics throughout 0-10 cm depth are similar to 
those we measured for the upper 5 cm. The regression 
model analysis indicates that CO 2 exchanged at the 
surface is affected by decreasing water table until depth to 
water table is at least 10 cm (10 cm is a compromise depth 
that might be loosely accepted for both stands). Neverthe- 
less, CO 2 released as the water table lowers might actually 
originate closer to the surface as suggested by measure- 
ments of aerated depth (Fig. 1F). If this is true, then 
respiration characteristics and bulk density used in the 
estimate are correct but estimates will be high, since 
greater respiring volume was used. If respiratory CO 2 
fluxes do originate as deep as 10 cm, better estimates must 
consider depth profiles in both respiration characteristics 
and bulk density. Furthermore, homogenized soil, such as 
that used for the basal respiration measurements, may 
have higher rates of respiration than undisturbed soil. All 
of these factors suggest that our estimates of microbial 
respiration, particularly for the late season dates when 
water table had fallen below 5 cm, may be high in com- 
parison to the field situation. 

The measured field effiuxes clearly include a component 
from aboveground and root biomass as well as that from 
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microbial biomass. However, because the response of root 
biomass to water table and plant biomass in general to 
temperature are likely to be similar to the responses of 
microbial biomass, it is not possible to separate the efflux 
of microbial biomass from that of plant biomass. The 
strength of the control of efflux by water table and the 
close correspondence between the seasonal patterns of 
measured efflux and estimated microbial respiration sug- 
gest that belowground biomass (plant + microbes) is pri- 
marily responsible for the observed seasonal patterns of 
CO2 efflux. Such a result is not surprising for wet gramin- 
oid tundra; Billings et al. (1978) point out that 85-98% of 
the living plant biomass in wet tundra is below ground 
with the biomass of dead roots and rhizomes exceeding 
that of the living biomass. 

We measured aboveground biomass in the sample tubes 
on each measurement date to assess the extent to which 
site and seasonal differences in CO 2 elttux rates could be 
attributed to differences in plant biomass. An analysis of 
covariance indicated that total aboveground biomass was 
a significant covariate with CO 2 efflux over the season for 
both the Carex and Eriophorum plots (P < 0.01). The late- 
season increase in etttuxes seen in both communities 
corresponds to and probably results from greater above- 
ground biomass as well as the increase in soil temperature 
and depth to water table. However, as the work of Billings 
et al. (1978) suggests, the aboveground biomass was only a 
small fraction of the living biomass in these communities. 
We extracted live root and rhizome biomass from the 
sample tubes on one date (2-3 July). For  those samples, 
aboveground biomass contributed only 12 and 5% to the 
total living biomass for the Carex and Eriophorum plots, 
respectively. The finding of significant covariance for 
aboveground biomass and significant correlations be- 
tween biomass and efflux could have resulted from a 
correlation between above and belowground biomass as 
well as from the actual contribution of aboveground 
biomass to efflux. The root biomass values obtained for 
2-3 July were also used to examine the relation between 
root biomass and rates of CO2 efflux. The correlation 
between root biomass and CO2 efflux was'negative (rs = 
-0.49),  probably because water tables were very high on 
that date overwhelming any effect of root biomass that 
might have been present. 

The results of this study provide field data in support of 
the microcosm studies of Billings et al. (1982, 1983), that 
suggested that depth to water table was an extremely 
important control for net carbon exchange of coastal wet 
tundra. Moore (1989) and Moore and Knowles (1989) 
have also shown large differences in CO2 efflux for fen 
sites and peatland sites with different water tables. The 
implications of these findings were clearly raised by 
Billings et al. (1982); any climate change that raises or 
lowers the water table will have profound effects on carbon 
storage or loss from wet tundra systems, particularly in 
combination with increased soil temperature. Rates of 
CO2 efflux measured in this study are comparable to rates 
found for other tundra and subarctic sites (Peterson and 
Billings 1975; Poole and Miller 1982; Billings et al. 1982, 
1983; Luken and Billings 1985; Moore 1986, 1989; Giblin 
et al. 1991). In a study in the same general region as our 
study site, Giblin et al. (1991) measured effluxes from a wet 

sedge site three times over the season in 1986 and found a 
seasonal average efflux of 0.4 g C m - 2 d a y  -1. Although 
they did not report on the depth to water table, they 
indicated that soils in the wet sedge remain saturated 
suggesting that the low effluxes may have been due to high 
water table. Depending on the water table, community 
respiration from our sites ranged from 0.3 to 3 g carbon 
m - 2 d a y  -1 (1-10 g CO2 m -2 day-~),  although for 
much of the season, rates were 1.6 g C m - 2 day - 1 or less. 
Seasonal averages were 1.6 and 1.2 g C m -  2 day-1  for 
Carex and Eriophorum plots, respectively. 

Although these values are measures of potential carbon 
losses because they include respiratory losses of darkened 
photosynthetic tissue, they suggest that carbon losses from 
these communities are a substantial fraction of primary 
productivity. Shaver and Chapin (1991) estimated annual 
production of similar wet sedge tundra communities at a 
site slightly south of our study site to be approximately 
200 g biomass m -2 year -~, or 100 g C m -2 year -~ 
assuming biomass is composed of 50% carbon. If we 
conservatively estimate that only 36% of the measured 
effluxes are due to aboveground biomass (Peterson and 
Billings 1975), then the annual productivity of the Carex 
plots would be lost in roughly 98 days. Although it is 
unlikely that effluxes early in the season before our 
measurements were begun contribute much to the sea- 
sonal total, our study terminated when carbon losses were 
at their maximum. These high effluxes probably persisted 
into August before soils cooled and water table rose. 
Consequently, it is clearly possible that an amount of 
carbon greater than or equal to the annual productivity 
could have been lost over the growing season. This 
conclusion is plausible considering that Oechel and 
Billings (1992) suggest that nearby tussock tundra may be 
losing carbon at a rate of 180-360 g m -2 year -~ as a 
result of global climate change. 

Carbon dioxide effluxes are also interesting as an indi- 
cator of decomposition from the standpoint of nutrient 
release. For  most tundra communities, decomposition is 
the primary means by which nutrients become available. 
Nadelhoffer et al. (1991) used laboratory cultures to 
examine the temperature response of mineralization of 
carbon, nitrogen, and phosphorus for soils of six tundra 
communities, including a riparian community. They found 
no response to temperature between 3 and 9 ~ C, but a very 
large increase between 9 and 15~ They suggest that 
mineralization rates are insensitive to temperature be- 
tween 3 and 9 ~ C because soil temperatures in the field are 
usually below 9 ~ C. At our study sites, however, temper- 
ature frequently exceeds 9 ~ C to depths at least as great as 
5 cm. Furthermore, diurnal patterns of ecosystem CO2 
efflux and laboratory temperature responses suggest that 
temperature should affect mineralization over the entire 
range of temperatures measured including 3 9~ (Figs. 
1B, 2). One reason for the difference in findings may be 
that laboratory cultures of Nadelhoffer et al. (1991) were 
maintained at constant temperatures for 13 weeks, long 
enough for changes to occur in the microbial communities 
in response to the treatments. In contrast, we measured 
short-term changes probably related to temperature re- 
sponses of metabolism and not changes associated with 
changes in microbial biomass. Our studies indicate that for 
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r ipar ian communit ies ,  water table/soil  aerat ion and  tem- 
perature are the pr imary  controls  on microbial  activity 
and  that  if in format ion  on these env i ronmenta l  factors is 
avai lable ,  C O  2 efflux rate is predictable based on rela- 
tively simple regression equations.  Despite the inherent  
difficulties remaining,  the model  presented may be quite 
useful in predict ing and  examining  spatial pat terns in CO 2 
efflux from tundra  communit ies .  
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