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Abstract. In forest ecosystems the single largest respiratory flux influencing net ecosystem productivity (NEP) is the total soil CO2 
efflux; however, it is difficult to make measurements of this flux that are accurate at the ecosystem scale. We examined patterns of soil 
CO2 efflux using five different methods: auto-chambers, portable gas analyzers, eddy covariance along and two models parameterized 
with the observed data. The relation between soil temperature and soil moisture with soil CO2 effluxes are also investigated, both inter 
annually and seasonally, using these observations/results. Soil respiration rates (R,0j1) are greatest during the growing season when soil 

temperatures are between 15 and 25 ?C, but some soil CO2 efflux occurs throughout the year. Measured soil respiration was sensitive 
to soil temperature, particularly during the spring and fall. All measurement methods produced similar annual estimates. Depending 
on the time of the year, the eddy covariance (flux tower) estimate for ecosystem respiration is similar to or slightly lower than estimates 

of annual soil CO2 efflux from the other methods. As the eddy covariance estimate includes foliar and stem respiration which the other 
methods do not; it was expected to be larger (perhaps 15-30%). The auto-chamber system continuously measuring soil C02 efflux rates 
provides a level of temporal resolution that permits investigation of short- to longer term influences of factors on these efflux rates. The 
expense of building and maintaining an auto chamber system may not be necessary for those researchers interested in estimating Rs0-I 
annually, but auto-chambers do allow the capture of data from all seasons needed for model parameterization. 

Introduction 

In forest ecosystems the single largest respiratory flux influencing net ecosystem productivity is the total soil 
CO2 efflux (e.g., Longdoz et al. 2000; Savage and Davidson 2001; Borken et al. 2002; Curtis et al. 2002; 

Davidson et al. 2002a; Ehman et al. 2002; Irvine and Law 2002; Rey et al. 2002; Hanson et al. 2003; 

Pumpanen et al. 2003). However, it is difficult to make measurements of this flux that are appropriate to 

the ecosystem scale (Davidson et al. 1998, 2002b; Hanson et al. 2000, Hooper et al. 2002). 
Net ecosystem production (NEP), the annual net exchange of carbon in any ecosystem, is a result of the 

balance between gross primary productivity through photosynthesis and carbon losses by ecosystem res 
piration. Ecosystem respiration is the total respiration from plants (autotrophic), and animals and mi 
crobes (heterotrophic). Soil CO2 efflux, often simply referred to as soil respiration, results from autotrophic 
respiration of plant roots and associated mycorrhizae and the organisms that decompose above-ground 

woody debris and litter, below-ground litter, and soil organic matter. Understanding the relative contri 
butions of autotrophic and heterotrophic respiration to the total soil CO2 efflux has proven difficult, as 
discussed by Hanson et al. (2000). Many methods have been used to provide this estimate ranging from 

relatively inexpensive to costly both in terms of material and time. 
This paper examines patterns of soil CO2 efflux made using five different methods based on auto 

chambers, portable gas analyzers, and eddy covariance in which the observations vary both temporally and 
spatially. The relation between both soil temperature and soil moisture with soil CO2 effluxes, both intra 
and inter-annually are also investigated using two models and the observed data from each method. Since 

May, 1998 we have made periodic manual measurements of soil respiration using portable instruments in 
forest plots with differing topography and species composition at the Morgan-Monroe State Forest 
(MMSF) AmeniFlux site located in south-central Indiana, USA (Schmid et al. 2000; Ehman et al. 2002). 
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These data allow spatial comparisons, but their temporal resolution is limited. Since September 2001, soil 
respiration has also been measured continuously using an automated chamber system. These continuous 
observations are limited to a small area near the flux tower, but represent a nearly complete record of the 
CO2 flux, soil moisture, soil temperature, air temperature, and precipitation. 

Materials and methods 

Study site 

The managed Morgan-Monroe State Forest (MMSF) with a total area of 9733 ha is located in south 
central Indiana (39?19' N, 86?25' W, 275 m a.s.l.). The 30-year mean annual air temperature is 10.8 ?C and 
precipitation is 1094 mm for the nearest National Weather Service cooperative station located 11.8 km 
north in Martinsville, Indiana (National Climatic Data Center 1971-2000). For the years 1999-2002, the 

mean annual temperature measured at the tower at 46 m was 12.6 ?C and the mean annual precipitation 
was 1105 mm. The region (Figure 1) is covered predominantly with secondary successional broadleaf 
forests located within the maple-beech to oak-hickory transition zone of the Eastern Deciduous Forest 
(Braun 1950; Barrett 1995) resulting in a diverse tree community (Van Kley et al. 1995). Soils in the area 
are mesic typic Dystrochrepts dominated by the Berks-Weikert complex, defined as moderately deep and 
shallow, steep and very steep, well drained soils formed in residuum from sandstone, siltstone, and shale 
(USDA 1980). This soil association is characteristic of upland areas in this region. 

An inventory of tree species larger than 70 mm dbh in 360 plots within 500 m of the MMSF tower site 
identified 29 tree species. Dominant species (nearly 75% of the total basal area= 23.2 m2 ha-') are tulip 

poplar (Liriodendron tulipifera L.; 5.8 m2 ha-'), sugar maple (Acer saccharum L.; 4.9 m2 ha-), white ash 
(Fraxinus americana L., 1.9 m2 ha-), sassafras (Sassafras albidum (Nutt.) Nees; 1.6 m2 ha-'), white oak 
(Quercus alba L.; 1.6 m2 ha-'), and red oak (Quercus rubra L. 1.2 m2 ha-). The mean canopy height of the 
forest is 27 m. Common understory species include pawpaw (Asimina triloba L.), spicebush (Lindera 
benzoin L.), and sweet cicley (Osmorhiza claytonii Michx.) as well as seedlings and saplings of the dominant 
tree species. Herbaceous vegetation ground cover is dominated by spring ephemerals, but is present 
throughout the growing season. Most of Indiana was deforested by the early 1900s but afforestation has 
occurred in much of central and southern Indiana after abandonment of marginally productive agricultural 
land. Some timber has been harvested selectively from forests in the vicinity of the flux tower but there is 
little evidence of recent disturbance (no harvesting within the last 20 years). 

e n t r a~~~~i.... Cnrl Hardwood 

> 
5 - x18> > 5 >; 

~Forested Area 

O 500 Kilometers \ 

Figure 1. Forested land within eastern North America (WCMC 1999) and the MMSF site location, marked 'Tower'. The site is on 
the periphery of current Central Hardwoods coverage, but in the center of their historical domain. 
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Measurements 

In this paper five methods (Table 1) are used to estimate soil CO2 efflux. 

Sparse point-in-time observations (SPT) 
Periodic measurements (bi-weekly during the growing season; monthly dormant season) of soil respiration 
were made using either a Li-Cor 6200 or 6400 infrared gas analyzer system in five plots with a range of 

topographic settings (north- and east-facing, south- and west-facing, and ridge tops). In each plot, 10 PVC 
collars (0.104 m diameter, 45 mm height) were set 25 mm into the soil and left in place for subsequent 

measurements. Annual soil CO2 efflux estimates were generated by using linear interpolation between 
measurement points. 

Simple model (SM) 
The sparse point-in-time data were used to parameterize a curvilinear model based on Hanson et al. (1993, 
2003) and published in Ehman et al. (2002) relating soil temperature at 0.10 m depth (Ts, ?C) and observed 
soil water potential (TIO, MPa) at 0.1 m (i.e., the zone of maximum rooting density) with soil respiration 

(Rs,po tmIM-2 S-1): 

RS,SM = -6.07 x Q((Ts-20)/10) X (Tmax - T I0)/'m (1) 

where Q (value of 2.23 + 0.124) is the rate of change in RS for a 10 ?C increase in soil temperature (i.e., the 

Qlo value). Tmax (-2.0 MPa) is the estimated soil matric potential in MPa corresponding to the complete 
inhibition of R, (n = 2673, P <0.001, R2 = 0.31). The individual collar observations (n = 2673) are used in 

the parameterization which reduces the standard error for the parameter Q, but maintains the overall 
variance of soil CO2 efflux rates as seen in the low R2 value for the model fit. The model was driven with 

data for soil temperature and volumetric soil moisture at 0.10 m depth collected with thermocouples and 
CS615 TDR soil moisture rods logged by Campbell Scientific CRIOX data-loggers since May, 1998 at five 

locations in MMSF. Soil water potential, a measure of biologically available water, was converted from 
volumetric water content using the following equation based on site data: 

T =-1 x [2.61E8 x 189(251XTDR)] (2) 

Complex model (CM) 
Total soil CO2 efflux (Rsoil) from all contributing components was modeled following a subset of the 
equations of Hanson et al. (2003) for those variables available at Morgan Monroe State Forest: 

Rs,CM = Mresp + Gresp + Lresp (3) 

Mresp = R20 X Q((Tsoji -20)/I0) x [(Tmax - TO) /max] (4) 

Lresp - (L20 xbOiwp) x [Q(Oitemp-20)/10] x (Oi litter mass per m2 of ground), (5) 

where Mresp is the combined maintenance respiration rate of roots plus soil microbes and has the same form 

and inputs as (1). Within (4) R20 is the combined maintenance respiration of roots and soil microbes when 
temperatures approach 20 ?C, and the other variables are as defined for (1). (5) describes the contribution of 
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litter layer decomposition to total forest floor CO2 losses controlled by temperature and predicted dynamics 
of litter water content. Oi,p, in MPa is the Oi litter water potential, Oitemp is the Oi layer temperature in ?C, 

L20 (7.1 nmol C g-1 s-1) is the litter-specific respiration at 20 ?C and maximum litter water potential, b 

(3.48 dimensionless) defines the shape of the relation between litter water potential and litter temperature, 
and Qi (4.05 dimensionless) is the temperature response coefficient for a 10 ?C change in litter temperature. 

Model parameters for (4) were derived from nonlinear regression using the continuous chamber data 
(n = 4423). Measured litterfall quantities and litter standing pools measured at Morgan Monroe were used 

to initiate the Oi mass term of (5), but it was parameterized for hardwood litter based on data for a similar 

upland-oak forest in east Tennessee (Hanson et al. 2003). Litter water content data were modeled from 

observed rainfall data estimated to reach the forest floor, forest floor temperature observations, atmo 
spheric relative humidity data, and surface energy balance calculations for the forest litter layer. 

The CM was run using environmental data for 2002 from the auto-chamber system or with independent 

below-canopy micrometeorological (precipitation) and soil (soil temperature and moisture) data from the 
micro-met station near the chamber system. 

Auto-chambers (AC) 
Soil respiration has been measured nearly continuously using an automated chamber based on the open 

flow design (Field et al. 1989) since September, 2001. The auto-chamber system was designed and imple 
mented to address the potential problem of calculating annual soil CO2 efflux rates using temporally 
limited data. The automated system consists of eight chambers arranged radially at approximately 450 
intervals from a central measurement and control enclosure. The site was selected to be within the most 
probable flux footprint of the eddy covariance measurements from the MMSF AmeriFlux tower (Schmid 
et al. 2003). This location is also near a below-canopy micrometeorological station for which over 5 years 
of continuous data are available. Within the spatial domain of the auto-chambers, the dominant tree 
species of MMSF are well represented. 

Each chamber consists of clear polycarbonate cylinder and a pneumatically operated lid modified from a 
design by Crill et al. (2000). The lids were fabricated from machined aluminum and Lexan (GE Plastics). 

They are counterweighted in a normally open position and are closed with a pneumatic piston. The poly 
carbonate cylinder (chamber) is 0.3048 m both in diameter and height. The chambers are set 25 mm into the 

soil. A steel cylinder of the same diameter was used as a template to cut the soil before the chambers were 

installed. The internal diameter of each chamber is 0.292 m and the height above the surface varies slightly 
with respect to topography but is between 0.22 and 0.25 m. The surface area for which the flux is measured 
deviates less than 1% from 0.067 mi2. Thus, the average internal volume is 15 1. The chamber inlet and outlet 

connect to the central measurement and control system via 6.25 mm o.d. UV-resistant Dekabon (LDPE 

wrapped aluminum) tubing (Du Pont). Tube lengths are kept consistent at 15 m to ensure constant pressure 
drops between each cylinder and the gas analyzer. Figure 2 shows a top view of the chamber inlet and outlet 

arrangement. Each cylinder is first flushed with the lid open for 30 s to mix the air in the chamber and to 

bring the concentration in the tubes down to ambient levels. After the chamber closes, the air is scrubbed 
with soda lime to reduce the chamber CO2 concentration slightly below ambient levels before measurement 
of the flux begins. During times of high respiration (high soil temperatures > 25 ?C, not moisture limited) 
the scrub is less effective at reducing chamber concentrations at the set flow rate. The flow rate allows for 4 

complete air exchanges per sample and is maintained at an IRGA sample pressure of 70 kPa. (Please contact 

the corresponding author for additional details and schematic drawings of the system.). 
A CR23X datalogger with a SDM-16 relay control board (Campbell Scientific) is used to control the 

system and for data storage. The system cycles through all eight chambers every hour, calculating indi 
vidual chamber fluxes based on a best-fit linear regression of the increasing [CO2] with time using 45 data 
points taken at 5 s intervals. CO2 concentrations are measured with a Li-6262 Infrared Gas Analyzer (Li 

Cor) and output to the datalogger as 1 s averages. The data are spatially limited (eight locations in fairly 

close proximity to each other and near the flux tower) but CO2 flux, soil moisture, soil temperature, air 

temperature, and precipitation data are essentially temporally continuous. Gaps in the dataset were filled 
by imputation using a most similar neighbor technique (Crookston et al. 2002). This technique requires few 
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Figure 2. Top view of one auto-chamber showing the inlet and outlet configurations. 

a priori assumptions of the relation of the variables used for the process and soil surface CO2 efflux rates, 

and it does not simply interpolate the data points. 

Eddy covariance (EC) 
Total ecosystem respiration also has been estimated at hourly intervals based on eddy-covariance CO2 flux 
data as described in Schmid et al. (2000). In brief, seasonally variable Qio relations similar to the first part 

of (Equation (1)) were developed based on soil temperature (50 mm depth) and measured above-canopy 
(46 m) CO2 fluxes during well ventilated conditions (friction velocity u* > 0.35 m s-') from nighttime and 

leaf-off periods. These Qlo relations were used to gap-fill the eddy-covariance flux data series, and to 
separate the net ecosystem exchange flux into its ecosystem respiration and gross ecosystem production 
components. Total annual ecosystem respiration is the sum of all hourly values. Although the Qlo relations 

used in this method are based on soil temperature, the measured fluxes that form their basis include 

respiration contributions from all parts of the ecosystem, including stems and leaves that are not accounted 

for by the chamber method. 

Results and discussion 

Environmental conditions 1999-2002 

The greatest inter-annual variability in soil temperature at 0.1 m occurs in early spring, just before leaf-out 

(approximately DOY 60-120) and the least in the summer (approximately DOY 180-240) (Figure 3a). At 

this site, soil water potential at 0.1 m has reached -2 MPa only once, briefly in late September, 1999, since 

measurements began in 1998 (Figure 3b) suggesting that water is seldom a limiting factor at this site at the 

level of the ecosystem, but it can limit component processes in surface litter or soil layers that wet and dry 

at rates different from the bulk soils. 

SPT estimates for 1999-2002 

The values of soil CO2 efflux as estimated from the sparse point in time measures ranged from of 878 to 

1090 g C m-2 y-' with a mean value of 1012 g C m-2 y-'. As will be shown, these values are 150-200 g less 

than most other methods predict. Leaf-on measures showed the greatest spatial variability with fluxes 

ranging from -2 to 8 1smol m-2 s- on any given sampling day. During leaf off periods the range was only 
~-0.6 to 1.5 jsmol m-2 s-'. These results indicate that soil CO2 efflux rates are primarily influenced by 
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Figure 3. Soil characteristics at 0.1 m depth for 1999-2002 for (a) temperature and (b) soil water potentials. 

temperature, though, during leaf-on periods, temperature is not the only controlling factor as evidenced by 
the very large range of efflux rates measured on a single day. 

SM and EC estimates for 1999 and 2000 

Figure 4a shows results using the parameterized soil respiration model (SM) for 1999 and 2000. As data for 

2001 and 2002 are virtually identical to those for 2000 they are not shown. SM respiration (Figure 4a) and 
EC ecosystem respiration (Figure 4b) show similar seasonal patterns. However, two key differences are 
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apparent: (1) the influence of the late summer drought in 1999 is more pronounced in the forest floor 
respiration and (2) increased rates of respiration in May (approximately DOY 120-150) in both 1999 and 
2000 are more pronounced in the eddy covariance results. The late season drought in 1999 reduced soil 
respiration and resulted in an increased net ecosystem productivity, compared to 1998 (Ehman et al. 2002) 
as well as 2000-2003 (Randolph et al., unpublished). Measurements of photosynthetic rates in individual 
tree leaves made in July and August 1999 did not show reduced photosynthesis. Although not measured at 
that time, presumably foliar and stem respiration rates were not reduced either and would be included in 
the eddy covariance results but not the forest floor measurements. The warm temperatures in May would 
increase foliar and stem respiration rates that would be included in the eddy covariance results and not the 
forest floor measurements which is likely contributing less to overall ecosystem respiration since the lowest 
levels of fine root biomass occur in May at our site (unpublished data). 

Annual soil CO2 effluxes, as estimated by the SM model and ecosystem respiration from the EC model, 
were very similar for 1999: 1041 and 1040 g C m-2 y-, respectively. However, for 2000, the SM and EC 
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Figure 4. Soil CO2 efflux determined for 1999-2000 using (a) SM and (b) by eddy covariance (EC) estimates at 46 m. 
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estimates differed by more than 189 g C m-2 y-1 (1332 and 1143 g C m-2 y-, respectively). The flux tower 

estimates of total ecosystem respiration are expected to be 10-15% greater than soil surface CO2 estimates 
due to autotrophic bole, branch and leaf respiration (Chapin et al. 2002, P. Curtis, pers. comm. from the 
University of Michigan Biological Station (UMBS) AmeriFlux site). However, recent research from sites 
similar to ours has shown that bole, branch and leaf respiration may be as high as 30% of overall ecosystem 

respiration (Hanson et al. 2003, 2004; Curtis et al. 2005). For our site, foliar respiration for 2002 was 
estimated using a simple model from Vose and Bolstad (1999) with their parameters for all species and 

yielded an annual estimate of -3310 g C m-2 y-1. This value is close to that of -300 g C m-2 y-l reported 

by Hanson et al. (2003, 2004) for Walker Branch (WB) and of 292 g C m-2 y-1 Curtis et al. (2005) at 

UMBS. Bole and stem respiration for both sites (WB and UMBS) were 175 g C m-2 y-1 and 

165 g C m-2 y-1 respectively. Data from MMSF are not available, but are likely to be very similar to these 

values based on similar species composition, mean temperatures and precipitation. Overall, then, EC 
estimates should be -450-500 g C m-2 y-1 higher than soil CO2 efflux estimates at MMSF. 

To date, annual soil CO2 efflux rates estimated with soil surface measures or estimates as shown here are 

consistently at, or greater than, estimates of annual total ecosystem respiration by the tower. Although 
unlikely, this could be because of a mismatch between the soil CO2 efflux plot locations and the flux tower 
measurement source areas. Current crosswind-integrated footprint models show the source area to overlap 
our plot locations under most meteorological conditions. Nighttime advection loss of CO2 due to cold-air 
drainage from the forest during stable atmospheric conditions (Froelich and Schmid 2002) may cause a 
systematic underestimation of eddy covariance derived ecosystem respiration and could potentially account 
for this difference. However, quantitative estimates of this effect are difficult to obtain and are not currently 
available. Moreover, Froelich and Schmid (2002) show that vertical mass flow divergence (the vertical trace 
of drainage flow advection) is negligible in well-ventilated conditions when u* > 0.35 m s-, so that 

advective losses are not likely to account for the lack of difference between the forest floor respiration 
estimates and the eddy flux based total ecosystem respiration totals. 

Auto-chamber (AC) system for 2002 

For 2002, soil respiration rates measured using the auto-chamber system can be compared with the esti 
mates from SPT (Figure 5) and SM (Figure 6). The annual estimate of 878 g C m-2 y-l using sparse 

measures is much lower than that of the 1160 g C m-2 y-l value for the auto-chambers. Due to the periodic 

nature of the measures for the SPT estimate, the day on which the measures are taken, especially in the 
summer months, can greatly influence the annual estimate. If the days leading up to the measurement day 

differ much from average moisture and temperature conditions the fluxes measured may be unusually high 
(DOY 207, Figure 5) or low (DOY 217, Figure 5). Gaps in the dataset due to equipment failure, etc. (DOY 

148-207, Figure 5) influence greatly the annual estimate as seen in 2002. The average fluxes climbed shortly 
after day 148, and continued so until day 207. However, the SPT method used linear interpolation between 

the two points and underestimates the overall flux for that period. 
For SM, the annual values are similar: 1240 g C m-2 y-1 from the model and 1160 g C m-2 y-1 from the 

auto-chambers. Soil respiration rates are highest during the growing season (May to Sep.) when soil tem 
peratures are between 15 and 25 ?C, but some Rsoil occurs throughout the year. As expected the SM results of 

soil respiration are highly related to soil temperature, particularly during the spring and fall (Figure 7a). Both 
the modeled results and the auto-chamber data (Figure 7b) show a distinct increase in soil respiration around 

DOY 100 and a smaller but noticeable increase again about DOY 315. From our phenological observations, 
DOY 100 precedes the date of maximum bud burst (defined as 50% of the trees observed having predomi 
nantly open buds; DOY 108 in 2002). Kramer and Kozlowski (1979) note that, in the temperate zone, root 
elongation begins earlier in the spring and continues later in the autumn than shoot elongation in the same 
tree. Thus, these elevated fluxes in the early spring likely result from increased autotrophic root respiration as 

well as from increased soil temperature. DOY 315 is 10 days later than the date of maximum leaf fall (defined 
as 50% of the trees observed having lost 50% of their leaves; DOY 305 in 2000) and appears primarily linked 
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Figure 6. Soil CO2 effluxes for 2002 based on auto-chamber (AC) respiration estimates and SM. 

to temperature. The auto-chamber data show the rapid increase in soil CO2 effluxes around DOY 100 to be 
more distinct and with a slightly higher peak value than seen in the model results. Also, as seen in both data 

sets, but particularly in the auto-chamber data, short-duration temperature increases before DOY 100 did 
not result in any appreciable increases CO2 efflux. Not surprisingly, the continuous dataset from the auto 
chambers is quite useful in detecting these shorter-term responses. 

During the winter, the model consistently estimates higher rates of soil CO2 efflux than were measured 
with the auto-chambers (Figure 6). This difference could be related to the range of temperatures from 
which the data were collected for use in the model parameterization (Figure 7; Ehman et al. 2002). 
Unintentionally, field measurements using a portable system were biased toward 'good weather' days to 
protect the instrument and for the convenience of the investigator. By under-sampling during the winter 
months, SM is extrapolated for conditions beyond the development data domain. 
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Figure 7. SM with soil temperatures at 0.1 m depth for 2002 (a). Auto-chamber (AC) respiration estimates with soil temperatures at 
10 cm depth and precipitation events for 2002 (b). 

From DOY 200 to 270 in the SM results and DOY 180 to 270 in the AC data (Figure 7a and b), neither 

graph show any strong relations between soil respiration rate and soil temperatures. However, the mea 

sured data show increased SOil CO2 efflUX in response to precipitation events during the latter part of the 

growing season: rainfall events and the corresponding increased soil CO2 efflux rates are easily seen in 

Figure 7b. Such data indicate that during the latter part of the growing season, soil moisture, especially in 

the litter and upper soil layer, has a large controlling effect on efflux rates. 

Surface layer wetness model (CM) for 2002 

As the above results indicate, the wetting and drying of the litter layer influence soil CO2 efflux rates. Thus, 
it is important to adjust the simple soil temperature/soil water potential model (SM) to account for surface 

wetting and drying using information from the auto-chamber data. Root growth is included in the R20 term 

of (4) along with baseline root respiration and heterotrophic respiration. Although not necessarily correct, 
the form of the model used here (4 plus 5) assumes the apparent temperature sensitivity of root respiration 
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Table 2. Model parameter estimates (+95% C.I.) for (3) for soil temperature and water potential measurements at 0.1 m. 

Data source Model variable estimates 

R20o Q Tmax R2 

All Rso0, data 5.61 i 0.09 2.61 ? 0.07 -10.7 i 0.9 0.69 

R,0j1 for dry litter 5.40 + 0.13 2.26 + 0.09 -9.0 + 0.8 0.61 

Similar estimates based on reference environmental conditions at 0.2 m showed no improvement in overall fit. 

values for Oi-layer litter respiration were taken from Hanson et al. (2003) and applied to the MMSF data 
as a first approximation of the short-term dynamics of soil CO2 efflux during wetting and drying of the Oi 
layer. Site-specific data for litter mass were used, but similar data for litter-specific CO2 flux from the litter 

materials derived from the species present at MMSF would be an improvement. 
Non-linear regression of the data (SPSS 11.0 for the Macintosh, SPSS Inc.) with respect to (4) provided a 

statistically significant fit to the complete set of measured data, and a subset of the data associated with dry 

surface conditions. A plot of measured and modeled soil CO2 efflux throughout 2002 (Figure 8) demon 
strates the agreement between measured data and model outputs and underscores the importance of 
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Figure 8. Obszerved soil temperature and water potential at 0.1 m (a) and the observed (AC) and CM soil CO, efflux (b). The base 
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seasonal patterns of temperature and soil water potential as drivers of the combined processes that con 
tribute to soil CO2 effluxes. Some lack of agreement between measured data and the nonlinear regression 
based model projections late in the growing season (DOY 230-300) may be the result of inappropriate 

parameterizations of Oi-litter decomposition and/or seasonal changes in the pool sizes for labile soil carbon 
and root stocks. The later two pools of carbon responsible for CO2 losses from the mineral soil horizons are 

often assumed to be constant for intra-annual interpolation of soil CO2 efflux, but that has not been 

determined for this site. Gu et al. (2004) have shown the importance of variable carbon pools for the 

interpretation of soil heterotrophic respiration. 
The agreement between CM and the AC is less (Figure 8) than expected. During the winter months, CM 

shows patterns similar to the simpler temperature and moisture model (SM), a time when modeled CO2 
efflux rates are higher than the auto-chamber data. During periods of warmer temperatures, CM produces 

much higher estimates of CO2 efflux than the auto-chamber data. This could be due to the litter respiration 

coefficient in (5) being determined from a site that has high litter decomposition rates different than those 
seen at the MMSF site. 

On an annual basis, the surface layer wetness model (CM) produces an estimate of 1266 g C m2 y-1 

compared to the 1160 g C m-2 y-l estimate from the auto-chamber data. 

EC estimate for 2002 

A comparison of the flux tower estimate of total ecosystem respiration (EC) and the auto-chamber (AC) 

estimate (Figure 9) shows excellent agreement during the nongrowing season months, with no overesti 
mation of flux rates. The tower estimate also shows the sharp increase in respiration rates near DOY 100. 

During the growing season, however, the eddy-covariance method does not capture the short-duration 
respiration increases during, and shortly after, precipitation events. One possible explanation is that during 
rain events the sonic anemometers needed for flux measurements often produce invalid data; thus, the 
fluxes during these periods must be gap filled using a model parameterized under dry conditions (see 
above). This potential bias of eddy covariance based respiration estimates needs to be explored further. 

Overall, all methods produced similar annual estimates. Table 3 provides a summary of each estimate 
and differences with the auto-chamber estimate serving as the reference value. Most striking in this 
comparison is that the flux tower estimate is consistent with or lower than annual soil CO2 efflux estimates 
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Figure 9. Ecosystem respiration (EC) compared with the auto-chamber (AC) soil CO. effux for 2002. 
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Table 3. Summary of soil respiration estimates (g C m-2 y-1) for the five methods (see Table 1) for 1999-2002. 

Year Method Bud burst (DOY) Leaf off (DOY) 

SPT SM CM AC EC 

1999 1000 1041 n/a n/a 1040 99 308 

2000 1090 1332 n/a n/a 1143 117 305 

2001 1080 1263 n/a n/a 1353 100 314 
2002 878 1240 1266 1160 1095 108 315 

Mean 1012 1219 1158 
St. Dev. 98 125 137 

Note that the flux tower estimate (EC) is total ecosystem respiration. (n/a - not available). 
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Conclusions 

For annual time intervals, where the shorter term dynamics are not as important, simple models param 
eterized with periodic measures of soil CO2 efflux from the range of conditions generally observed at a site 
are sufficient for use in estimating NEP. However, wintertime soil CO2 efflux rates estimates from tem 
perature and moisture dependent models are consistently higher than the auto-chamber estimates. This 
result implies that models should be parameterized and run for winter and nonwinter conditions separately 
and their results then aggregated for annual soil CO2 efflux estimates. This result is important. The expense 
of building and maintaining an auto chamber system may not be necessary for those researchers interested 
in estimating Rsoil annually, though the auto-chambers would still be an advantage capturing data from all 
seasons for better model parameterization. Also, an auto-chamber system continuously measuring soil CO2 
efflux rates can provide a level of temporal resolution that enables researchers to investigate short- to 
longer term influences of factors on these rates and a complete record of the annual cycle. The chamber 
system is an important tool in the effort to better understand factors influencing soil CO2 efflux and can 
provide a comprehensive dataset to parameterize and validate models of soil respiration of varying degrees 
of complexity. 

Annual estimates of total ecosystem respiration by the flux tower have consistently been at, or somewhat 
lower, than estimates of total soil CO2 efflux. This could be attributed to the limitations of the eddy 
covariance technique or over-estimations from model and auto-chamber analysis. If the latter were true, 
estimates of net ecosystem productivity for the MMSF AmeriFlux site through biometry would be con 
sistently lower than net ecosystem exchange estimates with data from the flux tower. However, to date, this 
is not the case. For the past 6 years NEP estimates using biometric methods have been at or somewhat 

higher than the NEE estimates from the eddy-covariance method (Wayson et al., unpublished). 
In recent years, there has been increased interest in measuring and modeling soil respiration as various 

ecosystem-level carbon dynamics studies (e.g., Wofsy et al. 1993; Barford et al. 2001; Curtis et al. 2002; 
Ehman et al. 2002; Law et al. 2003; Baldocchi 2003) have continued to identify the importance of this flux. 
A second automated chamber system has been constructed for the MMSF and was installed in the spring of 
2005. We will examine the partitioning of soil respiration into its autotrophic and heterotrophic compo 
nents, as discussed by Hanson et al. (2000), as well as conduct a careful examination of the relative 

influences of soil water content and soil temperature (e.g., Davidson et al. 1998, 2002a, b). Other recent 
observations of soil respiration provide excellent opportunities for comparative analysis both within the 
eastern deciduous forest (Hanson et al. 2003; Bolstad et al. 2004; Curtis et al. 2005) and across biomes 
(Borken et al. 2002; Irvine and Law 2002; Raich et al. 2002; Rey et al. 2002). 
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