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a b s t r a c t

An automated dynamic closed chamber system for CO2 sampling and analysis was developed for the mea-
surement of soil respiration under laboratory conditions. The system is composed by a gas chromatograph
linked to a fully computerised sampling system composed by 16 sample jars and 2 multiposition valves.
Besides CO2, the system can automatically and simultaneously measure CH4, N2O and other gases of
environmental interest.

The detection limits of the system for CO2, N2O and CH4 were 2, 1 and 4 ppmv, respectively. The accuracy
of the system, expressed as percent bias, was −0.88, −0.94 and −3.17% for CO2, N2O and CH4, respectively,
with relative standard deviation of 0.42, 0.68 and 0.61%. Measurement of CO2 evolved following acidi-
fication of a known amount of reagent grade CaCO3 showed a standard recovery of 96.8 ± 2.5% reached
within 30 s after acidification.

A linear response of CO2 respiration was obtained for a wide range of operative conditions (5–60 min
accumulation time, 10–80 g soil sample size, 10–60 mL min−1 air flow rate, 15–25 ◦C temperature of
incubation) demonstrating the flexibility of the system, which allows for the measurement of soil samples

characterised by different rates of gas evolution. Moreover, the results obtained with soil samples showed
that within the above conditions the proposed system is not affected by potential limitations of static
closed chamber systems such as CO2 dissolution in the soil solution, reduced rate of CO2 diffusion from soil
to headspace and CO2 inhibition of microbial activity. The system was also capable to detect significant
changes in N2O emissions from soil amended with different amounts of glutamic acid.

The automatic and frequent measurements provided by the system make possible an accurate descrip-
as evo
tion of the dynamics of g

. Introduction

Soil respiration is among the most utilised parameters in soil
cology and biology to determine the level of the microbial activ-
ty. Since all heterotrophs need to degrade organic matter to satisfy
heir energetic requirements, the measurement of CO2 evolution
s considered a good indicator of overall biological activity of the
oil. Due to the fundamental functions exerted by microorganisms
n the soil ecosystem, microbial activity measurement is impor-
ant to assess the level of soil quality (i.e. the capacity of a soil
o regulate element and water cycles, support plant growth and

egrade pollutants) and health (i.e. lack of degradation and con-
amination and overall strength for responding to environmental
tresses). Soil respiration has also been used for measuring the size
f soil microbial biomass as in the fumigation-incubation [1] and

∗ Corresponding author. Tel.: +39 0481 522041; fax: +39 0481 520208.
E-mail address: claudio.mondini@entecra.it (C. Mondini).

039-9140/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.talanta.2010.01.026
lution from soil samples under laboratory conditions.
© 2010 Elsevier B.V. All rights reserved.

substrate induced respiration (SIR) [2] methods and to estimate
maintenance requirements of microorganisms [3]. Other applica-
tions of soil respiration involve the evaluation of the impact of
xenobiotics on soil functions and the effect of environmental con-
ditions and soil management on the rate of soil organic matter
mineralisation.

Measurement of soil respiration has gained further importance
for the implications of atmospheric CO2 on climate change. Soil
respiration is the major pathway of C transfer from soil to atmo-
sphere and, due to the size of C reservoir in the soil, a small
variation in soil respiration rate may have profound impact on the
atmospheric CO2 budget. Atmospheric concentration of CO2 has
progressively increased due to anthropogenic activities [4] and in
particular because of anthropogenic depletion of soil organic car-

bon (SOC) [5]. On the other hand, soil can offset climate change by
incorporation of atmospheric C in SOM for a long period (C seques-
tration). Therefore, given the current concerns over global warming
it is important to understand when soils serve either as a source or
sink for atmospheric CO2 [6]. Measurement of CO2 evolution could
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cap (112 mm height, 40 mm outer diameter, 120 mL volume, Sarst-
edt, Nümbrecht, Germany) positioned in a thermostat operating
in the 5–50 ◦C temperature range (M250-TBR, MBM Instruments,
Bernareggio, Italy). Every jar is provided with an inlet and an out-
let positioned at the bottom and top of the flask to allow for soil
50 C. Mondini et al. / Ta

e useful to evaluate the effects of different soil management on
O2 emission and to estimate C sequestration.

For many years the most widely utilised methodology to mea-
ure soil respiration in laboratory consisted in trapping the evolved
O2 in a NaOH solution with subsequent titration [7,8], but this
ethod is time consuming, not very accurate and does not allow

or frequent measurement.
Continuous measurement of soil respiration can provide a better

valuation of variables affecting microbial activity and it is required
or some methods for measuring the size of soil microbial biomass
uch as the SIR method. Several soil respiration systems have been
eveloped that allow for automated and frequent analysis of sam-
le.

The first set of systems with such characteristics was based on
he variation in the conductivity of a hydroxide solution captur-
ng the CO2 evolved from soil [9–11]. However, conductimetric
etectors are temperature sensitive and the solutions used require
ccurate thermostating [11]. Furthermore, conductimetric detec-
ors tend to be non-linear over a wide concentration range [12],
herefore limiting the versatility of these systems.

To date, the most widely utilised methods for automatic and
requent measurement of soil respiration are based on infrared gas
nalysis (IRGA) and gas chromatography due to the sensitivity and
peed of the detectors that allow for a fast and accurate measure of
oil CO2 effluxes [7,13–17].

Both IRGA analyser and gas chromatograph (GC) can be linked
o fully computerised sampling systems to frequently measure
he respiration of soils incubated under laboratory conditions
14,17–21].

IRGA and GC methods are based on three main chamber tech-
iques: open chamber, static closed chamber and dynamic closed
hamber.

In open chamber systems, ambient air is continuously passed
hrough the soil [14,17] or the chamber headspace [19] and soil
O2 efflux is calculated using the difference in CO2 concentration
etween air entering and leaving the chamber. Such systems had
emonstrated to be effective, but they present the limitation that
he accuracy of the measure strongly depends on atmospheric pres-
ure, air humidity and the rate of air flux and consequently are
ensible to changes in the laboratory environmental conditions.
herefore, these systems need a strict flow control and a continuous
orrection for changes in temperature and atmospheric pressure
22]. In addition, open chamber systems are usually expensive and
omplicate to operate, requiring specific skills and well trained
taff.

Static closed chamber systems are usually less expensive and
ore simple to operate [18,21,23–25], but present a limitation

elated to CO2 dissolution in the soil solution. In non-continuous
ushing systems (as for example the system proposed by Brooks
nd Paul [18]) it has been demonstrated that CO2 can accumulate
n the soil aqueous phase if the sample is not aerated, especially
n neutral and alkaline soil [10]. The respiration of the microbes
ncreases the partial pressure of the CO2 in the soil and, accord-
ng to the aqueous carbonate equilibrium, increases the amount
f CO2 that dissolves in the soil solution. This accumulated CO2
an be released during measurement and detected in addition with
O2 produced by microorganisms giving an overestimation of CO2
volution.

Such limitation could be overcome by utilising dynamic closed
hamber systems in which air is circulated in a closed loop between
he chamber and the gas detector during measurement. Soil CO2

fflux is then calculated using the difference in CO2 concentra-
ion between the beginning and end of the measurement period.
ynamic closed chamber systems are commonly utilised for mea-

uring soil respiration in the field and advantages and drawbacks of
uch system are well known [26–31], but, to our knowledge, they
81 (2010) 849–855

have not been utilised for the measurement of soil respiration in
laboratory.

Apart from CO2, the emissions of CH4 and N2O from soils
and organic waste management have been demonstrated to sig-
nificantly contribute to the overall anthropogenic emissions of
greenhouse gases (GHG) [32]. Soil emissions of CH4 and N2O are
relevant in terms of contribution to climate change because of
their average global warming potentials 23 and 296 times larger
than CO2 [4]. Consequently, systems allowing for the simultaneous
and automated measurement of different gases of environmental
interest enhance their range of applicability and are increasingly
required in researches dealing with GHG emissions.

Therefore, the aim of the present work was the evaluation of the
reliability and functioning requirements of a dynamic closed cham-
ber gas chromatographic system for the simultaneous, automated
and frequent measurement of CO2, N2O and CH4 emitted from soil
under laboratory conditions.

2. Materials and methods

2.1. Materials

All reagents were of analytical reagent grade. Two mixtures of
standard gases were provided by Praxair Rivoira (Milan, Italy). Mix-
ture 1 contained 5000, 50 and 1000 ppmv of CO2, N2O and CH4,
respectively. Mixture 2 contained 500, 2 and 30 ppmv of CO2, N2O
and CH4, respectively. CaCO3 was oven dried (105 ◦C, 24 h) before
utilisation.

Three different bulk soil samples were selected to be used in the
optimisation and validation experiments. The soils were sampled
at 5–25 cm depth, sieved at 2 mm and stored at 4 ◦C until utilisation.
Main properties of the soils are reported in Table 1.

2.2. Apparatus

The automated system for continuous gas sampling and analysis
is basically composed by 16 sample jars connected to a micro-gas
chromatograph through 2 multiposition valves. The set-up of the
systems is outlined in Fig. 1.

Soil samples are enclosed in 16 polypropylene jars with screw
Fig. 1. Diagram of the automatic gas sampling and measurement system set-up.
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Table 1
Main characteristics of the soils used for system optimisation and validation.

Soil Management Sand (%) Silt (%) Clay (%) pH (H2O) CaCO3 (g kg−1) NTOT (g kg−1) Corg (g kg−1) BC
a (�g g−1)

Gorizia Grassland 37 48 15 8.0 46 2.4 25.4 795
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Jumilla Arable 52 21 17 7.8
Reana Arable 55 28 17 5.0

a Microbial biomass C.

eration and air sampling. A circular disk of foam rubber is placed
n the bottom of each jar to prevent clogging of the inlet. The disk
s moistened before the start of the analysis to avoid soil drying. A
ellulose acetate syringe filter is positioned on the outlet to avoid
ontamination of the system with soil airborne particulates.

The outlet and inlet of sample jars are connected to the ports of
wo multiposition valves (EMTCSC16MWE, Vici Valco Instruments,
ouston, TX, USA) by polypropylene fittings and PTFE tubing (4 m

ength, 1.0584 mm/1.5875 mm ID/OD) (Fig. 1). The valves are auto-
ated with electric actuators and managed by a specific software

Valve Control 32, Varian, Palo Alto, CA, USA). Each valve holds 16
orts connected with the sample jars, a specific outlet and a com-
on outlet (Fig. 2). The valve is configured so that the selected

tream flows through the specific outlet, while the non-selected
treams flow to the common outlet (Fig. 2).

The common outlet of valve 1 is connected by PTFE tubing
1.0584 mm/1.5875 mm ID/OD) with a membrane air pump (Opti-

al 250, Schego, Offenbach am Main, Germany), while the common
utlet of valve 2 is set free.

The specific outlet of the two valves are connected by PTFE tub-
ng (1.8 m length, 1.0584 mm/1.5875 mm ID/OD) passing through
he pump head of a peristaltic pump (Fig. 1). The peristaltic pump
as in-house constructed by assembling a pump head (Watson
arlow, Wilmington, MA, USA) and a brushless motor (Croeuzet,

alence, France).
A micro-GC (CP-2003P, Varian, Palo Alto, CA, USA), especially

esigned for continuous gas analysis, is used to measure gas con-
entrations. The micro-GC is equipped with two capillary columns,
oraPlot Q (fused silica, 10 m length, 0.25 mm ID, 8 �m Df) and
olsieve (fused silica, 10 m length, 0.32 mm ID, 30 �m Df), in which

ead pressure and temperature can be electronically programmed.
he micro-GC can simultaneously measure CO2, CH4 and N2O by
eans of a TCD detector. The concentration operating range is from
ppmv to 100%, with a linear dynamic range of 106. The precision

nd reproducibility of the instrument satisfy the ISO 6976 Standard
33]. The micro-GC is managed by a specific software (Star 5.5 for

indows, Varian, Palo Alto, CA, USA) operating in synchronicity
ith the multiposition valves software.

ig. 2. Configuration of the multiposition valve (Vici Valco Instruments). Each valve hold
etter S), a specific outlet and a common outlet. The valve is configured so that the selecte
he common outlet.
415 1.0 10.4 119
– 1.2 8.7 118

2.3. Procedure

During system operation, both valves are set to select the
same stream. In this way, the corresponding sample jar is made
a “dynamic closed chamber” in which the air is re-circulated for
a specific accumulation time (usually in the range 10–60 min) by
means of the peristaltic pump. At the beginning and at the end
of the accumulation period, the gas contained in the sample jar is
automatically sampled through a diversion on the interconnecting
tubing (Fig. 1) and measured by means of the micro-GC. The differ-
ence between the final and initial content provides the rate of gas
production for the selected time interval. When the analysis of a
sample is completed, the system automatically switches to the fol-
lowing sample jar and this cycle is run continuously. The frequency
of sample analyses mostly depends on the number of samples and
the accumulation period. With 16 samples and an accumulation
time of 10 min, adequate for most of the applications, the sampling
frequency is every 4 h.

The non-selected sample jars are continuously aerated with
ambient air by means of the membrane pump connected with the
common outlet of valve 1 (Fig. 1). The incoming air in valve 1 is
split into the 15 non-selected streams, flows through the soil sam-
ples and vents to the outside through the common outlet of valve
2. Both peristaltic and membrane pumps are adjusted, utilising a
soap bubble flow meter, to have similar fluxes through the sample
in both flow configuration (accumulation and stand by period). The
usual setting for standard analysis is 20 mL min−1.

Usual operative conditions of micro-GC are: 30 s sampling time,
30 ms injection time, 120 s running time, 40 and 60 ◦C column tem-
perature for PoraPlot Q and Molsieve, respectively, 30 ◦C injector
temperature.

The chromatograph is calibrated by injecting a mixture of pure
standard gases of CO2, N2O and CH4 at a concentration of 5000,
50 and 1000 ppmv, respectively. A new recalibration is performed

weekly. Observed drift during 1 week was usually lower than
0.5%.

Gas fluxes are calculated from the rate of change in gas concen-
tration during the measurement period, the molecular weight of

s several ports connected with the sample jars (8 in this example denoted by the
d stream flows through the specific outlet, while the non-selected streams flow to
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he gas, the dynamic chamber volume and the weight of the soil
ample as follows:

(�g g−1soil min−1) = �C × M × P × V

R × T × W

here �C is the change in gas concentration (ppmv) in time
nterval �t (min), M is the molecular weight of the gas, P is the
tmospheric pressure (atm), V is the volume of the enclosed cham-
er (L), R is the ideal gas constant (0.082054 atm L mol−1 ◦K−1), T is
he ambient temperature (◦K) and W is the weight of the soil sample
g).

The volume of the chamber (including all the interconnecting
ubing and valves dead end) without soil sample is 135.4 mL. The
ctual volume is calculated by subtracting from the volume of the
hamber the volume occupied by the soil. The latter is calculated
aking into account soil weight, density and water content.

Cumulative gas production (�g g−1 soil) is calculated from single
easurements by integrating the area under the curve of gas efflux

ersus time.

.4. System performance

In this work a set of experiments were carried out to evaluate the
etection and quantification limits, accuracy, precision and repro-
ucibility of the system with both the utilisation of standard gas
ixture and reagent grade CaCO3.
Since the measurement of the gas concentration in the proposed

ystem is based on the difference between the final and the ini-
ial gas concentration during the accumulation time, the system
etection limit can be defined as the minimum increase in gas con-
entration in the sample jar that can be measured with a defined
onfidence limit. Accordingly to this definition, the system detec-
ion and quantification limits for CO2, N2O and CH4 were calculated
y injecting a known volume of gaseous standard mixture (500,
and 30 ppmv of CO2, N2O and CH4, respectively) in 4 samples

ars and performing 10 consecutive measurement cycles. The stan-
ard gas concentrations utilised were close to the estimated system
etection limit, with the exception of CO2, which concentration was
imilar to that in ambient air.

The difference of the gas concentration between the end and
he beginning of the accumulation time (10 min) of each measure-

ent cycle was considered as a blank value. The limits of detection
nd quantification of the system for the 3 gases were calculated by
ultiplying the standard deviation of the blank mean (�) for 3.29

nd 10 times, respectively [34]. In the case of a normal distribu-
ion, 99.95% of the measurements lie within ±3.29� away from the

ean. Therefore, for a mean blank of 0, the probability that the ana-
yte is present if the measured value is larger than 3.29� is 99.95%.
he value of 10� for the quantification limit represents a IUPAC
efault value chosen to be approximately 3 times the detection

imit.
The accuracy and precision of the system was tested by injecting

n an empty sample flask a known volume of gas standard mix-
ure containing CO2, N2O and CH4 at a concentration of 5000, 50
nd 1000 ppmv, respectively, through a three way valve positioned
n the inlet of the sample jar. The sample jar was flushed by the
eristaltic pump and ten consecutive analysis of the sample jar con-
ent were performed. The inter-run reproducibility was checked by
erforming an identical trial a few days later.

A further experiment was performed to test the ability of the
ystem to quantitatively measure the CO2 evolved by CaCO3 fol-

owing acidification. An exactly weighted amount of CaCO3 was
ransferred on the bottom of a sample jar along with a vial contain-
ng 2 mL of 5 M HCl. After connecting the sample jar to the system,
he HCl was mixed with CaCO3 by tilting and rotating the jar. The
volved CO2 was determined at different times after the acidifica-
81 (2010) 849–855

tion up to stabilisation of the measured value. The measurement
was performed in quadruplicate for each sampling time.

2.5. System optimisation and validation

A second set of experiments was designed to validate and opti-
mise the system for the measurement of CO2 and N2O fluxes at
normal operative conditions with soil samples and to show some
example of the system application.

2.5.1. Accumulation time
A sample of Gorizia moist soil (50 g on oven dried basis) was pre-

incubated for 7 days at 25 ◦C and 40% water holding capacity (WHC)
and subsequently analysed for CO2 evolution at 25 ◦C using 5, 10, 20,
30 and 60 min of accumulation time. For any accumulation period,
the measurement cycle was repeated 15 times on three sample
replicates.

2.5.2. Soil sample weight
Reana moist soil was pre-incubated for 1 week at 25 ◦C and 40%

WHC and then analysed for CO2 evolution for 70 h (20 times) at
25 ◦C utilising the following amounts of soil (oven dried basis) in
triplicate: 10, 25, 50, 65 and 80 g.

2.5.3. Air flow rate
Samples of Gorizia, Reana and Jumilla moist soils (40% WHC,

50 g on oven dried basis) were pre-incubated at 25 ◦C for 7 days
and afterwards analysed for CO2 evolution for 65 h at 25 ◦C utilis-
ing a flow rate of 10, 20, 40 and 60 mL min−1. A soap bubble flow
meter was used to set up the air flow rate. Four subsequent cycles
of analyses were necessary as is not possible to simultaneously set
different flow rates for different sample streams. For each flow rate,
five replicates of each soil were analysed 18 times for CO2 emission.

2.5.4. Temperature of incubation
Triplicate samples of Reana moist soil (40% WHC – 50 g on oven

dried basis) were separately pre-incubated for 1 week at 15, 20
and 25 ◦C and then analysed for CO2 evolution for 2 weeks at the
temperature of conditioning.

2.5.5. Addition of glutamic acid
Reana moist soil (40% WHC – 80 g on oven dried basis) was

pre-incubated for 1 week at 25 ◦C and then amended in tripli-
cate with glutamic acid at the following rates: 1.05, 2.1, 4.2 and
8.4 mg g−1 soil. The rates were calculated to reproduce the soil addi-
tion of a N-rich organic waste at the rate of 4, 8, 16 and 24 ton ha−1,
respectively. The soil samples were then incubated at 25 ◦C and
analysed for gas emissions for 48 h utilising an accumulation period
of 20 min.

2.6. Statistics

The relationships between variables were analysed using the
Pearson’s correlation coefficient calculated with SPSS version 9.0
statistical package.

3. Results and discussion

3.1. System performance
The detection limit of the system for CO2, N2O and CH4, with a
confidence level of 99.95%, were 2, 1 and 4 ppmv, respectively, with
corresponding quantification limits of 5, 2 and 11 ppmv. This indi-
cates that the system is suitable to measure the basal respiration
of soils with low microbial activity such as the Jumilla and Reana
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could be explained as the response of microbial pool to the changed
environmental conditions. In fact, it is well known that aeration
status affects microbial activity and can either increase or decrease
the rate of decomposition of organic matter in soil [35,36]. These
ig. 3. Percentage of recovery of CO2 evolved from reagent grade CaCO3 following
cidification with 5 M HCl. Bars represent standard deviation (n = 4).

oil utilised in this work that present a low soil microbial biomass
ontent at around 100 �g microbial biomass C per g of soil.

Results of the test performed with a mixture of calibra-
ion standard gases demonstrated the ability of the system to
orrectly measure the gas content in the sampling jar. The accu-
acy, determined from the reference values and expressed as
ercent bias was −0.88, −0.94, −3.17% for CO2, N2O and CH4,
espectively. The precision, expressed as percent relative standard
eviation (%RSD), was 0.42, 0.68 and 0.61% for CO2, N2O and CH4,
espectively.

A similar test performed few days later showed percent bias of
0.61, 0.05 and 2.62% for CO2, N2O and CH4, respectively, with a

orresponding %RSD of 0.05, 0.32 and 2.17%.
Reproducibility, expressed as inter-run percent relative stan-

ard deviations, was 0.19, 0.71 and 4.11% for CO2, N2O and CH4,
espectively.

Results of test performed with standard grade CaCO3 showed
hat a stable and almost complete recovery of the standard was
chieved 30 s after the acidification of CaCO3 (Fig. 3). Measure-
ents performed 1 min after the acidification showed a percent

ias of 3.20% and a %RSD of 2.55% with a flow rate of 20 mL min−1.
hese results showed the capacity of the system to quantitatively
ecover the CO2 generated in the sample jar following acidification
f the solid reagent. In fact, the standard recovery of the proposed
ystem (96.8 ± 2.5%) was significantly higher than 88.3% recorded
y the system described by Martens [10]. In addition, the results
f the test with CaCO3 showed the good and fast (less than 30 s)
omogenisation of the CO2 concentration in the whole sampling
ystem, which includes the sampling jar, the valves dead end and
he connecting tubes volume.

.2. System optimisation and validation

Results obtained utilising different accumulation times in the
ange 5–60 min showed a direct relationship with CO2–C evolution
r = 0.999; P < 0.001) (Fig. 4). Therefore, already 5 min of accumu-
ation time is sufficient to give reliable results of basal respiration
CO2–C evolution: 24.2 ± 1.0 ppmv) analysing 50 g of a soil with a
ood level of biological activity.

A linear relationship was observed between CO evolution and
2
mount of soil sample. As shown in Fig. 5, CO2–C evolution was
ignificantly correlated to the amount of soil sample (r = 0.997;
< 0.001) in the range 10–80 g. Results showed that 10 g (oven dry
asis) of a soil characterised by a low microbial biomass content
Fig. 4. CO2 evolution (ppmv) from Gorizia soil utilising different accumulation
times. Bars represent standard deviation (n = 3).

(118 �g microbial biomass C g−1 soil) are sufficient to give reliable
results with an accumulation period of 10 min.

Results of analysis performed with different accumulation times
and sample weight showed that results of CO2 evolution are not
affected by these two parameters, at least for the range of val-
ues utilised in the present work. The possibility to utilise different
accumulation times increases the flexibility of the system: higher
accumulation time allows to accommodate soil samples with low
biological activity or low size. On the other hand, lower accumu-
lation time increases the sample frequency resulting in a more
detailed description of the respiration dynamics. The indepen-
dence of CO2 evolution from the sample size, is another factor that
increases the flexibility of the system.

Results of analysis performed with different air flow rates in
3 soils characterised by very distinct values of basal respiration
showed a linear relationship between CO2 evolution and air flow
rate (Fig. 6). The relationships were highly significant, even if the
slope of the correlation line was different for the 3 soils.

The increase in CO production with increasing air flow rate
Fig. 5. CO2 evolution (ppmv) from Reana soil utilising different sample weights.
Bars represent standard deviation (n = 3).
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respondence with the substrate induced microbial growth, as
ig. 6. CO2 evolution (ppmv) from 3 different soils utilising different air flow rates.
ars represent standard deviation (n = 5).

esults indicate the need to utilise the same air flow rate (usually
0 mL min−1) for comparison of microbial respiration among differ-
nt experiments. In particular, a low flow rate, still ensuring reliable
esults, would be recommended since it minimises environmental
isturbance and drying of the soil sample.

The measurements of soil CO2 fluxes by closed chamber sys-
ems (as the proposed system) may be limited by CO2 dissolution
n the soil solution [10]. This problem is overcome in our system
y the continuous flushing of the soil samples, both during stand
y and accumulation time, that subtracts the CO2 from dissolution

n the aqueous phase. In the experiment with Gorizia soil, char-
cterised by an alkaline pH (8.0), varying the accumulation time
aused an increase in CO2 concentration in the chamber that could
ave favoured the dissolution of CO2 in the soil solution. Never-
heless, the relationship of the respired CO2 with accumulation
ime was linear over a range of 350 ppmv and this would have
ot occurred if significant amount of CO2 had been dissolved in
he soil solution. In addition, during the stand by period the sam-
les are continuously aerated with ambient air instead of CO2 free
ir, as in the Wosthoff apparatus [7], decreasing the time needed
o reach equilibrium between CO2 in soil solution and in the soil
tmosphere.

The linear relationship between sample size and CO2 emission
ndicates that the increase of CO2 concentration in the headspace
id not affect CO2 diffusion from soil to the headspace [27]. This

s in agreement with several works demonstrating that the rate
f CO2 diffusion is affected only at high concentrations of CO2 in
he headspace of the chamber. Keith and Wong [31] showed that
ncreasing the CO2 concentration in the headspace of a chamber
o 1000 ppmv has a relatively small effect on the concentration
radient, and hence on the transient rate of CO2 efflux. Similarly,
ekku et al. [37] found that the critical CO2 concentrations affect-

ng the rate of CO2 diffusion ranged from 1000 to 1500 ppmv in the
hamber. Therefore, the flow rate commonly used in the proposed
ystem (20 mL min−1) is adequate to prevent problems related to
O2 diffusion. Such value of air flow rate is in agreement with those
tilised in other soil respiration systems. In the apparatus proposed
y Martens [10], a flush rate of 15 mL min−1 was found to be suffi-
ient for the quantitative measurement of CO2 with a sample size

f 100 g. Similarly, van Afferden et al. [22] found that an air flow
etween 10 and 30 mL min−1 was adequate to quantitatively deter-
ine CO2 evolution of biologically active soil samples in the range

0–100 g.
Fig. 7. CO2 evolution (ppmv) from Reana soil utilising different incubation temper-
atures. Bars represent standard deviation (n = 3).

A further problem in closed chamber systems is that the increase
in CO2 concentration may alter the rate of CO2 emission by inhi-
bition of the respiratory activity of microorganisms [38]. Such
problem is overcome in the alkali method by entrapment of evolved
CO2 in the alkali solution, that avoids the increase in CO2 concen-
tration in the chamber. On the contrary, in the proposed system, the
CO2 concentration in the sample jar is allowed to increase during
the accumulation period (usually 10 min). Nonetheless, increasing
the air flow rate caused a linear increase in microbial respiration
(Fig. 6) [35,36], suggesting that the increase in CO2 concentration
did not significantly affect the rate of microbial activity. Conversely,
a deviation of experimental data points from the straight line would
have been observed. As a matter of fact, the limiting effect of
increased CO2 content on the activity of microorganisms has been
found at high concentrations of CO2 (around 2% and above) [39].

In addition, the above underlined potential drawbacks of closed
chambers systems could be made negligible in the proposed system
by optimising the operative conditions (i.e. amount of soil sample,
accumulation time and air flow rate) in order to minimise the CO2
accumulated in the jar headspace.

As a whole we consider that the linear response between
CO2 respiration and the operative parameters we have examined
demonstrates that, within the range of operative conditions utilised
in the present work, the proposed system is not affected by the main
problems biasing CO2 measurement in closed chambers.

Fig. 7 reports the dynamics of basal respiration of Reana soil
incubated at three distinct temperatures. As expected, the increase
in temperature caused a significant enhancement in the basal res-
piration. Cumulative respiration at the end of the experiment was
17.7 (±0.2), 29.2 (±0.2) and 44.8 (±0.4) �g CO2–C g−1 soil for soil
incubated at 15, 20 and 25 ◦C, respectively. Cumulative respiration
and temperature were significantly correlated (r = 0.997; P < 0.01).
Results of basal respiration measured at different temperatures
showed that the system is capable to detect significant changes in
the dynamics and amount of CO2 emission induced by the different
incubation conditions.

Dynamics of N2O emission in soil samples amended with glu-
tamic acid (Fig. 8) was characterised by a sharp peak of gas
emission occurring within 10–30 h after glutamic addition, in cor-
indicated by dynamics of CO2 emissions (data not shown). The
moment in time and the shape of the peaks of maximum emission
significantly varied with the different rates of glutamic acid. Cumu-
lative N2O emissions were 0.38 ± 0.06, 3.47 ± 0.25, 4.26 ± 0.14 and
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ig. 8. N2O evolution (ppmv) from Reana soil amended with different rates of glu-
amic acid. Bars represent standard deviation (n = 3).

.82 ± 0.17 �g N2O-N g−1 for soil amended with 1.05, 2.1, 4.2 and

.8 mg of glutamic acid for g of soil, respectively. The automated and
requent N2O measurement allowed to detect significant changes
n the dynamics and cumulative emission of the gas, suggesting
he reliability of the system for N2O measurements for specific
esearches, like for instance the study of N2O emissions following
oil amendment with compost and N-rich organic wastes. Further-
ore, the performance of the system can be enhanced by increasing

he content of N2O in the headspace by increasing the size of the
ample and/or the accumulation time.

. Conclusions

The results presented in the present work demonstrate the reli-
bility of the proposed system to measure the respiratory response
nd GHG emission of soil samples under laboratory conditions.
he system is automated and can perform frequent analysis of
he sample allowing for an accurate description of the respira-
ion dynamics. It can be utilised in a range of sample size, air flow
ate and accumulation time. The flexibility of the system makes
ossible to create the appropriate condition for the analyses of
amples with different requirements. Furthermore, it presents the
ossibility to measure gas evolution in a wide range of tempera-
ure.

Compared with non-continuous flushing systems it avoids prob-
ems related to the dissolution of CO2 in soil solution and variation

n the rate of gas diffusion from soil to headspace. As the gas evo-
ution is determined by the difference between the initial and final
as concentration during the accumulation time, the system is less
ensible of systems based on open chamber technique to variations
n air flow rate, temperature and atmospheric pressure.

[

[
[

[
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Finally, it allows for the simultaneous measurement of other
gases of environmental interest.
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