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3 Measurement of Soil Respiration

H. LANKREIJER, . JANSSENS, N. BUCHMANN, B. LONGDOZ,
D. EpPrON, S. DORE

3.1 Introduction

Within terrestrial ecosystems, the soil CO, efflux is one of the largest carbon
flux components. The global efflux of carbon from the soil is estimated
between 50 and 75 Gt C year~! and makes up 20-40 % of the total annual input
of carbon dioxide into the atmosphere (Houghton and Woodwell 1989; Raich
and Schlesinger 1992; Schimel 1995). The magnitude of the soil flux is similar
to that of the net primary productivity (Houghton and Woodwell 1989). It has
been suggested that as global temperature rises, enhanced decomposition of
the large soil carbon stock (1580 _ 10'> g; Schimel 1995), especially in the high
northern latitudes, might increase the input of carbon into the atmosphere
(Gordon et al. 1987; Kirschbaum 1995; Trumbore et al. 1996; Zimov et al.
1996). However, the effect of a temperature increase on the decomposition
rate is still unsolved and a point of discussion. Others suggest that decompo-
sition rates in forest soils are not controlled by temperature (Liski et al. 1999;
Giardina and Ryan 2000). Besides the potential temperature-induced feed-
back, changes in land use and forest management, which do affect the storage
of carbon in the soil, were important points of discussion throughout the
negotiations of the Kyoto protocol. Therefore, understanding the processes
underlying the exchange of carbon from and into the soil is needed to make
“management of the net carbon budget” possible (IGBP Terrestrial Carbon
Working Group 1998).

The efflux of CO, from the soil originates from different sources. Decom-
position of organic matter (heterotrophic respiration) and respiration by liv-
ing roots (autotrophic respiration) are the two main sources, but chemical
oxidation and carbonate dissolution may also contribute to the total flux
(Burton and Beauchamp 1994). The contribution of the diverse sources to the
total flux is difficult to obtain. Reported estimates of the contribution of root
respiration to the total soil CO, efflux in forests range from 10 to 90 % (Tate et
al. 1993; Thierron and Laudelout 1996; Hanson et al. 2000) and an average of
45 % is given by Landsberg and Gower (1997). However, part of the observed
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variability is related to the use of different methodologies (see also Chap. 12,
this Vol.).

The efflux of CO, from the soil is very heterogeneous both in time and
space. The high (spatial) variability introduces an uncertainty in the estima-
tion of a mean or a total annual value and is caused by the heterogeneity in
soil structure, temperature, soil moisture, bacterial, fungal, and root density
distributions, and soil organic matter content. Also, the variability in the
transport processes of CO, from deeper layers to the surface (soil diffusivity),
and the turbulence and pressure patterns above the soil contribute to the het-
erogeneity in the soil CO, efflux.

Measurements of the rate of CO, efflux from the soil performed with an
hourly or daily time step show high correlation with soil temperature and/or
soil moisture content (Janssens et al., Chap. 12). Soil respiration is limited
under low and very high soil water contents. Low soil water content may lead
to lower quantities of dissolved organic carbon (DOC), which is an important
substrate for heterotrophic soil respiration (Billings et al. 1998). Under water-
saturated conditions respiration depends strongly on the transport of dis-
solved gases and can be limited by poor aeration (Freijer and Leffelaar 1996).
Heterotrophic respiration is mainly determined by temperature and water
content, but also by substrate quality expressed by the concentration of lignin
and nitrogen (Agren and Bosatta 1996b; Ryan et al. 1997). Boone et al. (1998)
found that root respiration has even a higher sensitivity to temperature than
heterotrophic respiration. They suggested that when plants increase their
allocation to the roots under elevated atmospheric CO, concentration, ele-
vated temperatures lead to lower sequestration of carbon in the soil due to the
higher root respiration. This means that autotrophic respiration is also influ-
enced by allocation of carbon assimilates to the roots and the fast turnover of
these assimilates. The exact influence of mycorrhizae on soil respiration is not
yet known and may be related to the activity of the trees. Taking into account
the significant export of carbon assimilates [up to 25% of net primary pro-
duction, (NPP)] to the prolific mycorrhizae (100-800 km of living hyphae may
be found per gram of soil), the contribution of the mycorrhizae to the soil car-
bon efflux cannot be neglected (R. Finlay, pers. comm.). Root respiration
might be sensitive to the soil CO, concentrations, and high CO, concentra-
tions in the soil atmosphere have been described as inhibiting root respira-
tory activity (Qi et al. 1994; Burton et al. 1997).

The soil CO, efflux on the short time scales of minutes to days depends not
only on the production of CO, by roots and soil organisms, but also on the
transport from the subsurface upward (Fang and Moncrieff 1999a). In the
unsaturated soil layers the transport can occur in both the liquid and the gas
phase. Diffusion - driven by concentration gradients - is considered to be the
primary mechanism, but transport by convection and dispersion may also
occur, especially in water-saturated soils (_imunek and Suarez 1993a; Freijer
and Leffelaar 1996). Precipitation, pressure differences, and turbulence above
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the soil surface can influence the efflux (Baldocchi and Meyers 1991; Hanson
et al. 1993). It is expected that the latter effect is more profound in soil with a
thick litter layer and less so in less porous, bare soils. Carbon dioxide stored in
the (porous) litter layer exchange faster under conditions of turbulence.

As soil respiration is mainly determined by temperature, its seasonal vari-
ability usually tracks the temperature trend over the whole year (Boone et al.
1998). Soil water content might change this picture by limiting soil respiration
under dry circumstances, while the contribution of root respiration may also
differ strongly throughout the year, depending on growth rates and allocation
patterns. In winter, soil respiration rates are usually expected to be low due to
low temperatures. However, recent studies report a consistent CO, flux from
forest tundra of 89 g C m2 s7! (Zimov et al. 1996) and 2-69 g C m~? s™! from
tussock tundra during winter (Oechel et al. 1997; Fahnestock et al. 1998). The
sources and the control of soil respiration during winter in arctic ecosystems
are not well understood (Grogan et al. 2001). The occurrence of soil frost
and/or a snow layer may lead to release of carbon in pulses when temperature
rises again above zero. Flush of carbon from the decomposition of killed
microbes, stimulation of the microbes by higher temperatures, release of CO,
trapped in ice, or accumulation of CO, under the snow are considered causing
those often observed flushes of carbon dioxide (Billings et al. 1998).

3.1.1 Measuring Soil Respiration

Considering the complexity of processes behind the CO, efflux from the soil,
its heterogeneity in both space and time, and the interactions with the forest
canopy above the soil, an estimate of the total CO, efflux from the soil and its
components is not easy to obtain.

Many commercially available or self-made systems are used to measure soil
respiration rates directly at the soil level (Norman et al. 1997; Janssens et al.
2000), and several different systems were applied at the EUROFLUX sites. The
most common technique is to place a chamber on the soil surface and mea-
sure the change in CO, concentration in it. An advantage of the chamber sys-
tem is the relative easy application and straightforward approach. Soil CO,
efflux can also be estimated from measurements of the CO, concentration
profile in or above the soil (e.g., Zimov et al. 1996). The advantage of profile
measurements in the soil is the possibility of thus estimating the source depth
of the flux, but the disadvantage is the difficulty in estimating soil and air dif-
fusivity. The aboveground profile measurements are easier to perform, but
when the difference in CO, concentration along the vertical axis is small,
errors are large.

The eddy covariance method applied directly above the forest soil has sev-
eral advantages over chamber-based methods and is probably the most suit-
able method: (1) the soil surface and soil microclimate are not disturbed, (2)
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measurements are performed under “natural” turbulent conditions, and (3) a
larger surface area is covered. The technique requires sufficient turbulence
below the canopy (Baldocchi et al. 1997) and no other sources and sinks
between the soil surface and the sensor. Above-canopy eddy flux measure-
ments also include, besides soil respiration, the respiration and photosynthe-
sis of the vegetation. Total ecosystem respiration from both the soil and the
vegetation can be derived from eddy flux measurements above the canopy
from night-time flux extrapolation or by analysis of the daytime measure-
ments (see Chap. 8, Falge et al.). However, distinction between respiration
from the soil and from the vegetation above the ground is not possible with
these methods, without using empirical estimates, and when both storage
during stable conditions and advection of the carbon flux exist on the site,
correction of the night-time fluxes is needed.

3.1.2 Modeling

Estimates of soil carbon fluxes by simulation models have been used in
numerous studies. Many simulation studies focus, however, on the decompo-
sition of organic matter in the soil (Agren and Bosatta 1987, 1996a; Jenkinson
1990, 1991; Liski 1997) and describe the change in the storage of carbon in the
soil. In spite of its importance, the simulation of the soil carbon efflux by
process-based models including both heterotrophic and autotrophic respira-
tion has been rather limited (_imunek and Suarez 1993a; Freijer and Leffelaar
1996; Fang and Moncrieff 1999a). In general, predictive models have used
regression functions fitting the CO, flux to environmental parameters (Han-
son et al. 1993; Lloyd and Taylor 1994; Peterjohn et al. 1994; Lavigne et al.
1997). Regression of the CO, efflux by soil temperature and humidity typically
results in r? values above 0.7, but still does not explain the total variance in the
efflux (see Chap. 12, this Vol.). This shortcoming can be partly attributed to
the lack of a detailed description of the production and transport processes as
well as to the use of inaccurate techniques for measuring soil CO, efflux. Fac-
tors such as root/mycorrhizal activity, atmospheric turbulence, substrate
“quality” (Agren and Bosatta 1996b), soil structure, and diffusivity might be
important, but are more difficult to assess. Seasonal variations can be
described and simulated quite well, whereas the reasons for spatial variations
are still poorly understood.

Using only average air temperature may be sufficient for simulating long-
term decomposition of soil organic matter, but is less suited for analyzing
short-term processes. The simulation of long-term carbon efflux (on monthly
or longer time scales) based on the decomposition rates has been performed
by, e.g., Hyvonen et al. (1996) and Liski (1997). Models based on the concept of
humus quality show promising results (Bosatta and Agren 1999; Joffre et al.
2001).
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3.2 Soil CO, Efflux Measurements in the EUROFLUX Project

To obtain and analyze the total gain and losses of carbon from forest ecosys-
tems and its compartments, soil respiration was measured at all EUROFLUX
sites. Results of the soil respiration measurements within EUROFLUX are pre-
sented and discussed in Chapter 12.

The applied techniques for estimation of the soil respiration differ between
sites. If the estimation of the soil respiration from eddy flux measurements
above the canopy is not considered here, there were 13 different systems for
measuring soil respiration (Table 3.1). Most of the systems used a chamber
placed at the soil surface. All systems measured the soil efflux without making
specific distinction between decomposition and biomass respiration. Several
systems included the photosynthesis and respiration of the forest floor vege-
tation. Roughly, the measurements could be divided into either “continuous”
or “periodic” with a certain time interval. The continuous systems measured
with a time resolution of 10-30 min, and were used at ten sites. At four of
those sites, measurements were performed during the entire year with two to
five chambers, while at the other sites the continuous measurements were per-
formed during campaigns. The eddy covariance and profile techniques were
used during campaigns at five sites. At 14 of the 18 EUROFLUX sites, soil res-
piration was measured at intervals with a mobile chamber system. Data col-
lected with the periodic systems represent point measurements with a time
resolution varying between 8 and 45 days. At some sites the data are limited to
just a few days or nights, but at several sites multiple years of data are available
(Table 3.1).

3.2.1 Chamber Systems

Depending on the presence or absence of air circulation through chamber
and analyzer, chamber techniques have been categorized as either static or
dynamic (Witkamp and Frank 1969). Static chamber techniques are based
either on enrichment or absorption of CO, in the headspace. The alkali solu-
tion method (Lundegérdh 1927) is probably the oldest method, while the soda
lime method (Monteith et al. 1964; Howard 1966; Edwards 1982; Grogan 1998)
is probably the most frequently used technique because it is inexpensive, easy
to use, and particularly suitable where spatial variation is large (Kleber and
Stahr 1995; Keith et al. 1997; Janssens and Ceulemans 1998). However, static
techniques tend to be less accurate than dynamic systems due to effects on the
diffusion process (Nay et al. 1994; Janssens et al. 2000), and are therefore often
regarded as inferior to dynamic chamber systems (Norman et al. 1992). Mea-
surements can be improved if they are compared to other measurements
(Janssens and Ceulemans 1998).
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Table 3.1. Soil respiration measurements. See text for the description of the systems. The
frequency gives the interval between the measurements, while the number represents
the number of locations measured. Under remarks the number of days with data is
given, or how often a reading was taken during a day

Site System Frequency Number Period Remarks References

Periodic

IT1 PP 8-45days  15-30  96/5-98/11 34 days Matteucci et al.

(2000)

1T2 PP 15-20 days 30 96-98/6 Dore (1999)

FR1 L2 14-28 days 72 96/6-98/10 28 days Epron et al.
(1999a); Le
Dantec et al.
(1999)

SW1 L2 1 X year 36 97-98 Summer

Sw2 L2 14 days 24 97/5-99/10 Widén and
Majdi (2000)

GE1 L4 1 x month 20 98/3-98/10 1-2xdays  Buchman
(2000)

GE2 0G 1-2 X month 3 98/6-98/10

NE1 PP 2 nights 20 97

BE1 LH 14 days 15 97/8-98/8 40 days Longdoz et al.
(2000)

BE2 PP 96/4-98/2 Combined Janssens et al.

with SL (2000)

BE2 SL 3-4weeks 47 96/4-98/2 Janssens and
Ceulemans
(1998)

FI1 SC,SP  1-2weeks 3 97-99 Ilvesniemi and
Pumpanen
(1997);
Pumpanen et
al. (2001)

FI1 SC 3 X 10 97-99 Summer

EX1 PP 1 x month 10 98/3-98/12 4 x day

EX3 LH 1 X month 4 99/5-99/10

IS1 L2 4-5 X 44; 48 96; 97 Summer

Continuous

FR2 EC 2 months 1997

16 days 1998

DK1 DC 12 min 5(10) 96/6; 96/9; 97/5 1-6 weeks

DK1 DC 12 min 5(10)  98/4-99 Year-round

SW1 oS 10 min 1(2) 97-98 3-4 days

SW2  0S 10 min 3(20)  95-present Year-round Iritz et al.
(1997); Widén
and Lindroth
(2002)

FI1 0oC 30 min 2 97/10-99/5 Year-round

EX2 P,OC 15min 2 96/6-99/7 Year-round

NE1 P 30 min 96/6-present  Year-round

BE2 EC 30 min 98/7 11 days; 6 nights

GE1 EC 30 min
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Dynamic chamber systems typically use an infrared gas analyzer (IRGA).
Two approaches can be distinguished: closed and open dynamic systems. In
closed chamber IRGA systems, air circulates in a loop between the chamber
and an external IRGA, and the change in CO, concentration over time is mea-
sured (Parkinson 1981; Norman et al. 1992; Goulden and Crill 1997; Rochette
etal. 1997).1In open systems, air does not circulate in a loop but is vented to the
atmosphere. Open chamber systems have a constant airflow through the
chamber, and the difference in CO, concentrations of the ambient and inter-
nal air at the inlet and the outlet are continuously monitored (Witkamp and
Frank 1969; Edwards and Sollins 1973; Kanemasu et al. 1974; Schwartzkopf
1978; Denmead 1979; Fang and Moncrieff 1996; Iritz et al. 1997; Rayment and
Jarvis 1997).

The classic closed-static, soda lime technique (SL) was applied at the Bel-
gian site Brasschaat (BE2). Another closed-static technique, which made use
of manual syringe sampling from a closed soil chamber (SC), was used at the
Finish site Hyytidla (FI1). According to Janssens et al. (2000), the corrected
soda lime measurements agreed well with measurements acquired with the
portable closed-dynamic system of PP systems (Hitchin, UK) (PP). This last
system consists of a CIRAS-1 or EGM-1 infrared gas analyzer and a cylindri-
cal soil chamber (the SRC-1). The PP-system soil respiration set (Parkinson
1981) was used at five sites. The comparable closed-dynamic system by Li-
Cor, the Li-Cor 6200 and Li-Cor 6400 gas analyzers (Li-Cor; Li-Cor 1993) com-
bined with the Li 6000-09 or Li 6400-09 soil chambers (L2, L4), was also used
at five sites, while the sites at Gembloux (BE1) and Bil Kai (EX3) used the
same type of IRGA, but with home made chambers (LH) based on the same
technique, as described by Norman et al. (1992). Use of the portable closed-
dynamic systems at a total of 11 sites makes it the most commonly used tech-
nique within EUROFLUX for direct measurement of the soil CO, efflux.

The portable, closed-dynamic systems usually resulted in periodic mea-
surements with a long time interval, but with a relative high number of spa-

* The abbreviations are used in Table 3.2

Table 3.2. Range of measured fluxes in umol m-? s-!. Measurements were performed
over 3 days and averages are shown for each day, if available

System Range Average day 1 Average day 2 Average day 3
LH BE1 2-6 4.8 3.0

L2 SE2 1.5-6 2.5 3.0

PP BE2 3-11 5.5 4.0

GE-open 1-3 1.6

UK-open 1.6-3.4 2.6 1.9

SE-Lab 0.5-1.5 and 2-3

OS SE2 1-50
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tially distributed measurements. Based on the same principle as the closed-
dynamic system, automatic soil chambers (OC) were used at the Sollingen site
in Germany (EX2) and Hyytidla in Finland (FI). Rain and temperature fluctu-
ations reached the soil normally since the chambers were open between the
measurements. Readings were almost continuous, however, with a low spatial
distribution.

The open-dynamic chambers were all non-commercial home-built sys-
tems, mainly developed to obtain continuous readings of the soil carbon
efflux. At the Danish site Lille Boegeskov the system consisted of five simulta-
neously operating chambers (DC). Each chamber covered an area of 28 X
28 cm. The chambers were closed for 25 min of each hour, but were left open
during rainfall. The Swedish open system (OS) consisted of a tunnel-shaped
chamber, covering an area of 200 x 30 cm, and having a continuous flow of air
through the system by a fan. The CO, flux was obtained by measuring the dif-
ference between the inlet and outlet concentration of the air with a gas ana-
lyzer (IRGA LI-6262, Li-Cor). At the German site Tharandt, the system (OG)
consisted of three chambers of 30 x 35 cm where the change in CO, concen-
tration was determined non-differentially and compared to a reference read-
ing of ambient air just before the measurements.

3.2.2 Meteorological and Profile Gradient Systems

3.2.2.1 Eddy Correlation Below the Canopy (EC)

At the French site (FR2) a 3-D Gill anemometer type R2, and an “open path”
IRGA was used (Advanet E009, the “Otahki” devices), both 6 m above ground
surface. Corrections according to Webb et al. (1980) for open path systems
were made on turbulent fluxes. At the Belgian site in Brasschaat (BE2) the
equipment consisted of a sonic anemometer (USAT-3, Metek, Germany) and a
Li-6262 (Janssens et al. 2000). The anemometer was mounted at a height of
1.65 m above the forest floor.

3.2.2.2 Flux Profile Measurements (P)

At the Dutch site Loobos the net carbon exchange was estimated from below
canopy CO, concentration profiles measured with a gas analyzer of PP sys-
tems. The profile had five levels and measurements were averaged over 5 min
at each level, resulting in a profile for every 30 min. At the German site in
Solling (EX2), both the soil chambers and the profile measurements were con-
nected to the same gas analyzer (Li-Cor 6251). Each measurement cycle of
15 min consisted therefore of measured fluxes from two chamber-plots and a
profile from several levels within the forest canopy. At the French site Le Bray

E Kroner, Heidelberg



Ecological Studies Vol 163, page proofs as of September 11, 2002

Measurement of Soil Respiration 45

(FR2) profile measurements were made at ten levels between 0.1 and 25 m,
with a particular emphasis on the lower levels to catch the night-time storage
(levels 0.1,0.2,0.6,0.9,and 2.0 m).

3.2.2.3 CO, Profile in the Soil (SP)

At the Finnish site Hyytiéla the CO, profile in the soil was measured by man-
ual sampling from tubes installed at different depths in the soil (Ilvesniemi
and Pumpanen 1997), while in the winter of 1997/1998 the CO, concentration
profile of the snow was measured once a month.

3.2.2.4 Additional Soil Measurements

Soil temperature, soil water content, and soil texture/density were measured
at all sites, generally at the same time that soil respiration rates were mea-
sured. Further ancillary data included measurements of C and N content of
the upper horizons, litter layer thickness, root-biomass distribution, litter
decomposition rates, soil temperature profiles, air temperature and humidity
just above the soil surface, radiation at the soil level, and atmospheric pres-
sure. These measurements differed in frequency and methodology among the
sites and a description of the different techniques is not included here.

3.3 Comparison of Systems

Results from in situ comparisons of systems are still limited (Norman et al.
1997). Within the EUROFLUX framework direct comparison of different sys-
tems was performed at several sites (Le Dantec et al. 1999; Janssens et al. 2000;
Longdoz et al. 2000). Comparison of seven systems was performed during a
special organized workshop in Uppsala (Sweden) in June 1997. The systems
involved in this experiment were the PP Systems (PP), Li-6200 (L2 and LH),
and the Swedish open chamber (OS). Those four systems, applied at the
EUROFLUX sites, were also compared to three techniques that were not used
at the EUROFLUX sites: two automatic open-dynamic chamber systems,
abbreviated as UK-open (Fang and Moncrieff 1996) and GE-open (Kutsch
1996), and one based on CO, accumulation rates from soil samples incubated
at constant temperature (Persson et al. 1989). To create quasi-controlled con-
ditions a container (4 X 4 m) was filled with a 30-cm-thick layer of (bare)
organic soil. However, the spatial variability of the flux of CO, was still large.
During a measurement session prior to the site comparisons, the flux showed
an average of 2.87 umol m~2 s! and an SD of 0.77 pmol m~2 s~ (CV=26.5%).

F Kroner, Heidelberg



Ecological Studies Vol 163, page proofs as of September 11, 2002

46 H. Lankreiher et al.

Thus direct comparison of systems required either measurement at the same
location, one after another, or a high number of measurements by each system
spread over the entire container. Direct comparison of the portable chamber
systems on exactly the same spot revealed the problem of soil disturbance
when placing the chambers, either by such placement on the soil or by move-
ment of the collar. This observation made it clear that field measurements
with portable chambers, even if using prefixed collars, also have to be per-
formed carefully to avoid pulses of high CO,. Further comparison of systems
was therefore restricted to the daily means obtained by each system. The
ranges of measured effluxes from 2.5 days are given in Table 3.2.

In general, the open systems from the UK and Germany (UK-open and GE-
open) gave lower fluxes than the closed chamber systems (PP, L2, and LH). Of
the three closed chamber systems, the PP system systematically gave the high-
est average value, supporting results reported by Le Dantec et al. (1999) and
Janssens et al. (2000). The ventilation fan inside this system might be the rea-
son for the higher measured flux. Direct comparison of both systems, under
field and laboratory conditions, showed that the internal wind speed in the
chamber as well as the difference between inside and outside wind speed are
important factors (Le Dantec et al. 1999). Another reason behind the overesti-
mation of the flux was the use of the EGM-1 analyzer. At that time, this ana-
lyzer did not separate IR absorption by CO, and water vapor, and because of
the rather wet soil, both the CO, and water efflux was measured. As could be
expected from a static technique, fluxes estimated with the accumulation
technique (SE-Lab) resulted in the lowest values. The Swedish chamber sys-
tem (OS) showed a high range with values up to five times higher than the
other systems. This high efflux of CO, may be related to the fact that this sys-
tem uses a transparent chamber; solar radiation could heat up the soil sur-
face. When the chamber was covered by dark plastic, the measured flux rates
decreased considerably. Testing the portable Li-6200 (L2) with transparent
collars of 10 cm height also showed higher flux rates. Selection of chamber
design (transparent or opaque) should be carefully considered and is an
important factor when soil respiration measurements of different sites and
systems are compared with each other.

Differences between methodologies for measuring soil CO, were discussed
at the LESC workshop 6-8 April 2000 in Edinburgh, Scotland (Rayment 2000).
The workshop resulted in a list with guidelines and recommendations con-
cerning measurements with the different (chamber) systems. Although none
of the systems were rejected, and each system has its advantages, all method-
ologies have to be cross-calibrated and carefully applied. If chambers are
used, the open dynamic system is assumed to be the most reliable system.
Chambers should be either removed between the measurements or opened
between the readings to limit the alteration of the soil.
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3.4 Discussion

Based on experience with the large number of different systems applied
within EUROFLUX, a number of general problems with the interpretation of
the soil respiration estimates can be identified. The main problem is that
most systems are not “cross-calibrated” (Rayment and Jarvis 1997)., Such cal-
ibrations have been performed up to now on a limited scale and, to date, there
is no standard method for measurement of soil respiration (Nay et al. 1994;
Conen and Smith 2000; Widén and Lindroth 2002). Janssens et al. (2000)
found that measurements performed with the PP system and the Li-Cor
chamber systems showed a high correlation, indicating that calibration
against a standard system is possible.

Each technique has its specific time and space resolution. Integration of
measured fluxes over large areas is hampered by the high heterogeneity in the
soil, resulting in highly varying CO, efflux rates. For chamber techniques this
means that a high number of replicates at different spots is required. In order
to analyze the processes underlying the flux and to separate the total flux into
different components, multiple techniques are needed.

A disadvantage of all systems, except for the meteorological techniques, is
that they enclose a part of the soil surface and exclude the effect of turbulence
and pressure fluctuations on the soil CO, efflux. The effect of turbulence is
probably the most underestimated factor, since strong gusts of wind as well as
long undisturbed stable conditions exist inside the canopy. Thus, how the
chamber influences the efflux of carbon dioxide from the soil and its internal
flow makes the interpretation of the measurements complicated. On the other
hand, fans inside chambers generating the necessary air-mixing may induce an
unnatural turbulence,which mightresultin an increased efflux of CO, from the
soil that can be sustained by enhanced lateral diffusion (Le Dantec et al. 1999;
Janssens et al.2000). Only for the closed-dynamic chamber used at the EX2 site
in Sollingen, was a correction term mentioned as rectifying the possible error.

Open chamber systems are extremely sensitive to pressure differences
between the chamber and the atmosphere (Kanemasu et al. 1974; Fang and
Moncrieff 1996; Rayment and Jarvis 1997; Lund et al. 1999). Several
approaches have been suggested to minimize these pressure differences, such
as simultaneously blowing and drawing air through the chamber (Fang and
Moncrieff 1996), and the use of very large air inlet apertures (Iritz et al. 1997;
Rayment and Jarvis 1997), but elimination of pressure gradients is still a prob-
lem with today’s systems. In closed systems, pressure equilibration between
the chamber and the atmosphere can be achieved with a properly designed
venting tube (Hutchinson and Mosier 1981; Norman et al. 1992), through
which leakage can be restricted to a minimum.

All chamber techniques have the potential problem of disturbance of the
respiratory processes by the technique itself, i.e., the chamber (Nay et al. 1994;
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Lund et al. 1999; Conen and Smith 2000). When forest floor vegetation is
enclosed in the chamber, plant respiration is included in the measurements,
which makes distinction of the fluxes difficult. Further, when the chamber is
transparent for light, the measured flux can include the uptake of CO, by pho-
tosynthesis.

The eddy covariance technique applied below the canopy is probably a very
suitable method for measuring the CO, from the soil as the natural distribu-
tion of the vertical pressure gradient, the horizontal air velocity, and the ver-
tical CO, concentration gradient are not disturbed (Longdoz et al. 2000). How-
ever, the conditions for using this technique are not always suitable - for
example, in young and low forest stands when a sink of carbon exists between
the soil and the sensor. Eddy flux measurements cover a relative large area
under the canopy. Comparison of below canopy eddy flux measurements with
chamber measurements has to take these conditions in to account, but have
shown good agreement (Law et al. 1999; Matteucci et al. 2000; Janssens et al.
2001).

Major advantages of continuous chamber systems are availability of series
of data over a long period of time and measurement under relatively undis-
turbed conditions. However, usually the number of monitored locations with
continuous measuring systems is low, thus limiting their potential for scaling
in space. In addition, with time, the conditions within some of the continuous
systems might differ strongly from the surroundings, again limiting their use
for extrapolation.

Advantages of the mobile chamber systems are (1) no permanent power
requirements, and (2) a potential for covering large areas and accounting for
great spatial variations. Chamber measurements are more useful for distin-
guishing the spatial distribution and contribution of different sources at the
soil surface. However, portable chamber measurements have to be performed
carefully, considering the potential disturbances when no preinstalled collars
are used; and when collars are used, it is often difficult to determine to what
depth they can be inserted without disturbing roots.

Separation of heterotrophic and autotrophic soil respiration, and in some
cases respiration of the aboveground biomass, is not possible with any of the
systems described above. Within the EUROFLUX project, root respiration was
estimated by comparing efflux measurements from root-free plots and con-
trol plots (Epron et al. 1999b; Janssens 1999). Other techniques for separating
root from microbial respiration, which have been applied elsewhere, are using
root cuvettes in the field (e.g. Gansert 1994; Ryan et al. 1996), excavating and
directly measuring in a closed chamber in the field (Widén and Majdi 2000),
excising roots in the laboratory (Burton et al. 1998), trenching (Bowden et al.
1993; Fisher and Gosz 1986; Boone et al. 1998; Hart and Sollins 1998), girdling
of trees (Hogberg et al. 2001), performing “C, 13C, or 0 studies (Horwath et
al. 1994; Swinnen et al. 1994; Hogberg and Ekblad 1996; Lin et al. 1999; Hog-
berg et al. 2001), inhibiting one respiratory component with specific
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inhibitors or herbicides (Helal and Sauerbeck 1991; Nakane et al. 1996), apply-
ing a controlled accumulation technique in the laboratory (Persson et al.
1989), and enhancing one component over the other (Bowden et al. 1993). Lin
et al. (1999) used stable isotopes, but their system was strongly influenced by
the tank CO, with a very different carbon isotopic composition compared to
ambient CO,. Isotopes have to be measured frequently if partitioning between
microbial and root respiration is the objective, since activities change so fast
seasonally.

3.5 Conclusions

Despite its long history of measurements, the process of soil respiration
remains difficult to assess and to interpret. As there is not yet one preferable
system applicable and suitable for all environmental conditions and ecosys-
tems, a careful comparison with other techniques and a thorough analysis of
potential effects of the applied technique on the flux itself is needed whenever
soil respiration is measured. Based on the experiences within EUROFLUX, a
system that causes no or only small changes in the environmental conditions
(inside the chambers) has to be used for a correct assessment of the actual soil
respiratory fluxes. Spatial and temporal variability has to be accounted for by
an adequate sampling design.

In order to be able to explain the measured flux, determination of the soil
temperature, soil water content, soil carbon/organic matter content and dis-
tribution, fine root biomass and distribution, soil texture, and litter-layer
thickness and nutrient content need to be included in the measurement pro-
gram.
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