
at SciVerse ScienceDirect

Soil Biology & Biochemistry 46 (2012) 129e135
Contents lists available
Soil Biology & Biochemistry

journal homepage: www.elsevier .com/locate/soi lb io
Selection of the most suitable sampling time for static chambers for the
estimation of daily mean N2O flux from soils

Bruno J.R. Alves a,*, Keith A. Smith b, Rilner A. Flores c, Abmael S. Cardoso c, William R.D. Oliveira c,
Claudia P. Jantalia a, Segundo Urquiaga a, Robert M. Boddey a

a Embrapa Agrobiologia, Rodovia BR 465, km 07, Seropedica 23890-000, RJ, Brazil
b School of Geosciences, University of Edinburgh, The Kings Buildings, West Mains Road, Edinburgh, EH9 3JN, UK
c Soils Department, Agronomy Institute, Universidade Federal Rural do Rio de Janeiro, 23890-970 Seropédica, RJ, Brazil
a r t i c l e i n f o

Article history:
Received 25 April 2011
Received in revised form
16 November 2011
Accepted 25 November 2011
Available online 15 December 2011

Keywords:
Air temperature
Diurnal variation
Nitrous oxide
Soil moisture
Static chamber
* Corresponding author.Tel.: þ55 21 34411516(work
E-mail addresses: bruno@cnpab.embrapa.br (B.J.R. A

A. Smith), rilner1@hotmail.com (R.A. Flores), abmae
ruralwillian@hotmail.com (W.R.D. Oliveira), claudia@cn
urquiaga@cnpab.embrapa.br (S. Urquiaga), bob@cnpab.e

0038-0717/$ e see front matter � 2011 Elsevier Ltd.
doi:10.1016/j.soilbio.2011.11.022
a b s t r a c t

Soil N2O fluxes are frequently assessed by the use of static chambers with a single daily sampling. In this
study, two experiments were conducted in two contrasting climatic locations, one in Edinburgh, UK, and
the other at Seropédica, Rio de Janeiro State, Brazil. Soil N2O fluxes were monitored every 6 h for 30 days
during the summer in Edinburgh by the use of an automatic chamber system, and every 3 h for 5 days at
Seropédica, using a manually-sampled static chamber. Air and soil temperatures were also measured at
the same time as the N2O fluxes. The principal driver of N2O flux within any diurnal period was found to
be soil temperature. Regression analysis showed that, for both places, the evenings (21:00e22:00 h) and
mornings (09:00e10:00 h), were the times that the flux best represented the daily mean. The ability to
work in daylight make the morning period the preferred one.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Static chambers are widely used for measuring greenhouse gas
fluxes from soils. The most common static chamber procedure
involvesmanual sampling of chamber headspace gas using syringes
(e.g. Ball et al., 1999; Du et al., 2006; Jantalia et al., 2008) or more
advanced systems such as the use of vacuum pumps or automated
flux monitoring systems (e.g. Akiyama et al., 2000; Dobbie and
Smith, 2003).

The high spatial variability of N2O fluxes, related to hotspots of
production in soil, requires many chamber replicates to evaluate
N2O fluxes with reasonable precision. Moreover, it is considered
a good practice to take four or five successive air samples (at 5 or
10 min intervals for example) after chamber deployment to
examine possible deviations from linearity of N2O flux measure-
ments with time (Rochette and Eriksen-Hamel, 2008). It is also
advisable that sampling regimes should be intensified after any
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event that raises mineral N levels in the soil or that might create an
oxygen limitation in the pore space (Smith and Dobbie, 2001).
However, compromises often have to be made in order to limit the
number of samples to manageable quantities, so soil N2O daily
emission calculations are usually based on the extrapolation of
a single daily measurement during a short period to represent the
mean flux for a full 24 h period.

In most environments N2O formation in soil is controlled mainly
by available C and mineral N, soil O2 concentration in the soil pore
space and temperature (Granli and Bøckman, 1994). Available soil C
and N are not expected to vary significantly during a period of one
day, unless crop residues and fertilizers are added to the soil.
However, soil O2 concentration can decrease rapidly after rainfall
events or irrigation, and soil temperature is likely to follow the
diurnal fluctuation of air temperature. The N2O flux generally
increases exponentially with soil temperature, with high Q10 values
sometimes observed (e.g. Brumme, 1995; Flessa et al., 2002;
Dinsmore et al., 2009), which can be explained by a combination of
an expansion in anaerobic zones triggered by the acceleration of
soil respiration, and the increasing denitrification rate per unit of
anaerobic volume (Smith et al., 2003). The saturation of soil pore
space with water also leads to exponential changes in soil N2O
fluxes, but the effect seems not to be so rapid (Russow et al., 2000)
as that demonstrated for changes in soil temperature.
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Several studies have found a close relationship between diurnal
variations in air temperature and N2O fluxes, with a general pattern
of higher fluxes during the day and lower fluxes during the night,
accompanying the trends of soil temperature (Ryden et al., 1978;
Denmead et al., 1979; Akiyama et al., 2000; Livesley et al., 2008).
However, other studies failed to find this relationship (Blackmer
et al., 1982; Chao et al., 2000; Du et al., 2006) or have demon-
strated a substantial lag between temperature and flux maxima
(Thomson et al., 1997). Ryden et al. (1978) suggested that N2O
fluxes could bemeasured at any time of the day and night as long as
the afternoon peak coinciding withmaximal daily temperaturewas
avoided.

The diurnal air temperature fluctuation generally follows
a sinusoidal path and is described by well-established models
(Parton and Logan, 1981; Ephrath et al., 1996). Hence the mean
temperature for the day occurs sometime after sunrise and after
sunset. If the air temperature is a powerful driver of the changes in
N2O fluxes observed during the 24 h of the day, it can be hypoth-
esized that there are two times in the day when the chance of the
observed N2O flux is most representative of the mean N2O flux for
the day. We investigated this issue and tested the hypothesis at two
sites in contrasting climates (Scotland, UK and Rio de Janeiro,
Brazil).

2. Material and methods

2.1. Sites

The experiments were carried out under field conditions at two
sites with contrasting climates. A first experiment was set up in
Edinburgh, Scotland, UK, at 55� 5605800N and 3�903700W, with
a mean daylight of 17 h in the summer (June to August) which was
the season when measurements were made. Another experiment
was carried out at Seropédica, Rio de Janeiro State, Brazil, at
22�4502800S 43�4005400W, with a mean daytime of 12 h at the
beginning of autumn (April). According to the World Meteorolog-
ical Organization (www.worldweather.org) mean daily minimum
and maximum temperatures for Edinburgh are about 9 �C and
18 �C, respectively, during June and July. Monthly mean rainfall is
similar over the whole year, varying from 51 to 57 mm during the
summer, with an average of 13 days with rain. In the case of
Seropédica, Rio de Janeiro State, mean monthly minimum and
maximum temperatures for April are 22 �C and 28 �C, respectively,
and mean rainfall is approximately 138 mm with 10 days of rain.

2.2. Edinburgh experiment

The experiment in Edinburgh was set up in a small area of the
science campus of the University of Edinburgh that had been used
for cropping potatoes and vegetables. For the current experiment,
the soil in an area of 3 m2 was well mixed with a spade to the depth
of 40 cm in order to get a homogenized profile. Gravel, visible roots
and other plant parts were manually removed. To avoid excessive
soil looseness, some compaction was applied to the soil at 20 cm
depth and then at each 5 cmup to the soil surface. During this phase,
a thermocouple was buried to a depth of 10 cm and a 30-cm-long
CS615 time-domain reflectance (TDR) probe (Campbell Scientific,
Edmonton, Alberta, Canada) was inserted diagonally from the soil
surface in order tomeasure thewater content of the top 10 cmof the
soil. Both probes were connected to a CR10X datalogger (Campbell
Scientific, Edmonton, Alberta, Canada). A volume of water equiva-
lent to an irrigation of 20 mm was applied 3 days before starting
measurements.

A sample of the soil layer of 0e20 cm presented a sandy-loam
texture (58% sand; 38% silt; 4% clay), 4.84% total C, 0.34% total N
and a soil pH of 5.02. The soil bulk density of the 0e10 cm layer was
1.02 Mg m�3, after the compaction process.

The N2O fluxmeasurements were performed every 6 h using one
automatic static closedchamber. Samples started tobe takenat03:00
GMT (04:00 British Summer Time) on the first day and thenceforth
therewere 4 samplings a day during 30days (17 Junee 16 July 2005).

The chamber design was exactly the same as that described by
Dobbie and Smith (2003). Briefly, the automated chamber was of
the base-lid type, made of galvanized steel. The base was a frame of
70 � 70 cm in area and 30 cm height, with the bottom edges of the
walls inserted into the soil to a depth of 8 cm. The chamber lid was
also made of galvanized steel with the same area dimensions as the
base. When the lid was in the closed position, it compressed
a rubber gasket cemented to its underside against a horizontal
flange at the top of the base walls, thus providing a gas seal. A
control unit contained an air flow pumping system, and a timer/
programmer unit to control the opening and closure of the
chamber. A second module accommodated a set of Tedlar bags and
a switching valve that allowed evacuation of the bags and the
pumping in of sufficient chamber head space air for the N2O
analysis. Immediately after lid closure, a sample of the headspace
air was pumped to one of the empty Tedlar bags, and another
sample into a second bag after 40 min, before the chamber lid was
raised. The air sample in each Tedlar bag was later transferred to
20 mL pre-evacuated chromatography vials using gastight syringes
and then analysed with a gas chromatograph (GC) fitted with an
electron capture detector as described in Dobbie and Smith (2003).

Fluxes of N2O were calculated on the basis of an analytical curve
of N2O standards in nitrogen used to transform the integrated area
of each sample peak into N2O concentration. Nitrous oxide fluxes
were expressed in mg NeN2O m�2 h�1 using the equation: N2O
flux ¼ (dC/dt)(M/Vm)V/A, where dC/dt is the change in N2O
concentration (in mL L�1) in the chamber after the incubation time
(in hours); M is the molecular weight and Vm is the molecular
volume of N2O at the sampling temperature, and V is the volume of
the chamber in litres and A the area in m2.

During the sampling period, air and soil temperatures at 10 cm
depth below the chamber were monitored hourly along with the
soil moisture. An extra thermocouple was fixed above the chamber,
but protected from direct sunlight, to record the external air
temperature.

2.3. Seropédica experiment

The experiment in Seropédica, Rio de Janeiro State, was per-
formed on a soil covered with the grass Paspalum notatum [Flügge]
cv. Batatais. No soil preparation was carried out in this area. A
sample of the soil layer of 0e20 cm presented a sandy texture (72%
sand; 8% silt; 20% clay), 0.94% total C, 0.01% total N and a soil pH of
5.41. The bulk density of the 0e10 cm soil layer was 1.34 Mg m�3.
The experiment was set up on 9 April 2008, with 5 days of gas
sampling every 3 h starting from 01:00 h (Brazilian Standard Time).
As the soil was of very low fertility, urea fertilizer was applied at
a rate of 10 g N m�2 two days before starting the measurements,
along with a 10 mm irrigation, to stimulate N2O production.

Five manually-sampled closed static chambers were used for
the soil N2O flux measurement. Each was composed of a rectan-
gular hollow metal frame, 38 cm wide � 58 cm long � 6 cm in
height which was inserted 5 cm into the soil and left for the whole
experimental period. A trough was made around the top of the
frame, and filled with soft rubber to ensure the system could be
sealed after coupling the top portion of the chamber. This was
a polyethylene tray of the same width and length as the base, 9 cm
high, and was only coupled to the base during the periods of gas
sampling. The top of each chamber had a three-way tap with Luer
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fittings through which gas samples could be withdrawn. At
sampling time, the chamber topwas pressed against the soft rubber
existing in the trough with strong rubber bands stretched over the
top, with both ends clipped to the metal base.

Gas samples were taken every 3 h, and the standard time for
sampling the chambers was set to 30 min, one sample immediately
after closure and another one at the end of incubation time. The air
accumulated in the head space of each chamber was transferred to
20 ml chromatographic vials using a vacuum pump adapted to be
connected to the chamber and the vial simultaneously. Analysis of
N2O concentrations were performed using a gas chromatograph
equipped with an electron capture detector and a back-flush
system (Jantalia et al., 2008). Fluxes of N2O were calculated the
same way as described previously.

The temperatures of the external air of the chamber headspace
and of the soil at 10 cm depth were registered manually at each gas
sampling using digital thermometers. Rainfall data was collected
from a meteorological station located about 500 m away.
Fig. 1. Soil N2O fluxes (A), soil and air temperature (B) and water filled pore space (C)
measured every 6 h during the 30 days sampling period at Edinburgh, UK.
2.4. Statistical analysis

Descriptive statistic of data was performed. Pearson product-
member correlations among N2O fluxes and soil temperature and
soil moisture were performed for the Edinburgh data, but only for
air and soil temperature in the case of Seropédica data. Daily means
of N2O flux, soil temperature and soil moisture were calculated
from the measured data in each day, the latter only for the Edin-
burgh experiment. Regressions of mean data against the data ob-
tained for each sampling hour weremade to find themost probable
time for gas sampling that would represent the daily mean N2O
flux.

3. Results

At the Edinburgh site, fluxes of N2O varied from 6.8 to
198.5 mg Nm�2 h�1 during the 30 days of experimentation (Fig. 1A).
Three periods of increased soil N2O emissions were observed, the
first at the beginning of the experiment, the second after
amoderate rainfall and the last one after irrigation. Air temperature
was recorded every 6 h and oscillated from about 7 to 31 �C
approximating a daily sinusoidal pattern (Fig. 1B) which was
accompanied by soil temperature at 0e10 cm, but with a smaller
amplitude. Rainfall was not monitored, but events of mainly light
rain (drizzle) were most frequent. On July 1st, a moderate rainfall
provoked an increase in the soil water filled pore space (WFPS). A
greater increase was observed 7 days later after an artificial irri-
gation of 10 mm (Fig. 1C).

The experiment at Seropédica presented N2O fluxes varying
from 17.1 to 249 mg N m�2 h�1. Fluxes surpassed 100 mg N m�2 h�1

after the first 24 h and remained high for the rest of the monitoring
period (Fig. 2A). Registered air temperatures were in the range of
22e37 �C, and also exhibited a sinusoidal pattern. Soil temperature
showed the same trend but with an amplitude for the whole period
of approximately 5 �C. The first day started with drizzle, but rains
became heavier in the afternoon when in 3 h accumulated rainfall
above 22 mmwas registered. The rest of the 24 h period was rainy,
but with an accumulated volume below 5 mm (Fig. 2B).
Fig. 2. Soil N2O fluxes (A) and rainfall and soil and air temperatures (B) measured
every 3 h during the 5 days sampling period at Seropédica, RJ, Brazil.



Table 1
Pearson productemember correlation among N2O fluxes, soil and air temperatures
and percentage of water filled pore space (WFPS), the latter included only for the
Edinburgh data analysis.

Site variable N2O flux Air temperature Soil temperature

Edinburgh
Air temperature 0.114 e e

Soil temperature �0.005 0.751*** e

WFPS 0.472*** 0.071 �0.243**
Seropédica, RJ
Air temperature 0.41** e e

Soil temperature 0.56*** 0.74*** e

***, ** Represent statistical significance at P < 0.001 and 0.01 for the correlation
coefficients, respectively.
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Correlations between soil N2O fluxes and soil and air tempera-
tures were significant for the Seropédica site, but not for Edinburgh
(Table 1). For the latter, a significant correlation was observed
between soil N2O fluxes and WFPS. Air temperature was also
correlated with soil temperature and WFPS, the latter in an inverse
relationship.

The data obtained in both places were grouped by sampling
hour and exhibited as box plots in Figs. 3 and 4. At the Edinburgh
site, soil N2O fluxes were variable and presented a skewed distri-
bution (Fig. 3A). The highest fluxes, exhibited above the upper
Fig. 3. Box plot showing the distribution of data for observed soil N2O flux (A), water
filled pore space (B) and soil temperature (C) during a 30-day period for each one of
the four measurement hours of the day at Edinburgh, UK.

Fig. 4. Box plot showing the distribution of data for observed soil N2O flux (A) and soil
temperature (B) during a 5-day sampling period for each one of the eight measure-
ment hours of the day at Seropédica, RJ, Brazil.
whisker limits, tended to increase from night time to day time, the
highest being at 15:00 h. The same trend was observed for the
boxes andmedians, especially for the upper quartile, the exceptions
being the data for the lower whiskers and below them (Fig. 3A). The
data for theWFPS of soil presented the same skewed distribution as
for N2O fluxes, but the trend of being defined by the sampling time
was not evident (Fig. 3B). In contrast there was a stronger effect of
sampling time on the magnitude of soil temperature (Fig. 3C). At
15:00 h the highest soil temperature would be expected, whilst the
lowest would be found at 3:00 h. The latter presented the least
variable soil temperature data with approximately 50% of the
readings being within 2 �C. The largest variation was found for the
measurements at 15:00 h, but most of the data indicated that
highest fluxes coincided with highest soil temperature. Data
asymmetry was only absent for the data obtained at 21:00 h and,
when present, a common trend was not observed for the three
groups per sampling hour.

At Seropédica, the distribution of N2O fluxes within each
sampling time was also skewed. Higher N2O fluxes were more
frequent during the afternoon (Fig. 4A), with the highest observed
at 13:00 h and 16:00 h. Measurementsmade at 10:00 h,19:00 h and
22:00 h were intermediate. The trend of increasing N2O fluxes from
night time to day time was more evident when the highest fluxes
were taken into account, but it could also be observed from the data
points within the boxes, containing 50% of the data. In the same
way as observed for Edinburgh, the highest temperatures occurred
in the afternoon, 12:00 h to 16:00 h, and the lowest late at night
(Fig. 4B), which was also the observed trend for soil N2O fluxes. This
means there was a time during the day when the measured soil



Table 2
Regression parameters and the regression coefficients (R2) of the mean daily N2O
flux and the mean flux for the time given in Column 1.

Sampling time
(hour of the day)

N2O flux

a b R2

Edinburgh
03:00 1.08*** 6.51 0.92***
09:00 0.97*** 2.09 0.97***
15:00 0.75*** �0.55 0.93***
21:00 1.02*** 3.15 0.94***

Seropédica, RJ
01:00 1.19*** �30.76 0.54***
04:00 1.39*** �24.05 0.86***
07:00 1.15*** 14.97 0.90***
10:00 0.93*** 32.96 0.81***
13:00 0.71*** 25.25* 0.90***
16:00 0.79*** 7.20 0.86***
19:00 0.99*** 28.27 0.87***
22:00 1.23*** 26.95 0.56***

Data were adjusted to the linear model Fdm ¼ (aFtime) þ b, where Fdm is the mean
daily N2O flux and Ftime is the mean flux for each time of the day evaluated.
***, * Represent statistical significance at P < 0.001 and <0.05 respectively, for the
slope, intercept and regression coefficient.
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N2O flux would represent the daily mean N2O flux, and this same
reasoning applies to soil temperature.

Linear regression of mean soil temperatures and mean soil N2O
fluxes (Log transformed) for each sampling time at Edinburgh was
strong with a probability of p¼ 0.043 (Fig. 5). A correlationwas also
observed for the same sort of data from Seropédica, but with
a greater significance probability. From the linear function adjusted
to Edinburgh data, a Q10 coefficient of 2.3 was calculated, whilst for
Seropédica, the calculated Q10 was 3.5. This is within the range of
estimates of Q10 of 2.2 and 7.1 reported by others (Flessa et al., 2002;
Bagherzadeh et al., 2008; Mo et al., 2008; Abdalla et al., 2009;
Dinsmore et al., 2009).

Regression analyses were performed between the mean daily
N2O flux (dependent variable) and the fluxes measured at each
specific time of the day (independent variables). At Edinburgh, the
slope of the regression of soil N2O fluxes measured at 03:00 h was
1.08 or about 8% lower than the daily mean flux. When chambers
were sampled at 09:00 h and 21:00 h the slopes of the regressions
were the closest to the unity (Table 2). Gas sampling at 09:00 h
returned soil N2O fluxes 3% above the daily mean flux whilst at
21:00 h they were 2% higher. However, not surprisingly, large
overestimates of the daily mean N2O fluxes would result from
chamber sampling at 15:00 h. The slope of the regression at this
time indicated the estimates were over 30% of the daily mean
fluxes. For this site in Edinburgh, all the regression coefficients
were above 0.90 and intercepts were not significantly different
from zero.
Fig. 5. Regression parameters between the means for each time of measurement of
soil N2O flux (log transformed) and soil temperature obtained from the 30 days of data
at Edinburgh (A) and from the 5 days of data at Seropédica, RJ (B).
At Seropédica, the slopes obtained from the regressions of soil
N2O fluxes measured in each one of the 8 sampling times varied
from 0.71 to 1.39 (Table 2). The lowest was estimated for sampling
at 13:00 h, which means the timewhen the measured N2O flux was
about 30% above the daily mean N2O flux. The highest was esti-
mated with data obtained at 04:00 h, when the measured fluxes
underestimated the daily mean flux even more. Conversely, the soil
N2O fluxes measured at 19:00 h were the closest to the mean daily
N2O flux. At 10:00 h, the measured fluxes overestimated the daily
mean flux by 8%. Soil N2O fluxes measured at any other time ended
up overestimating by 20% or underestimating the daily mean flux
by 15%, at least. Regression coefficients (R2) were all significant at
p< 0.001 but varied from 0.54 to 0.90. Intercepts were not different
from zero, with the exception of that obtained for the sampling at
13:00 h.
4. Discussion

For both experimental sites, soil N2O fluxes presented an ex-
pected increase after changes in soil moisture provoked by irriga-
tion and rainfall (Figs. 1 and 2). At Edinburgh, it was possible to
observe the existence of a threshold close to 60% of WFPS (Fig. 1) as
has already been reported (Dobbie et al., 1999; Flessa et al., 2002),
beyond which N2O fluxes rose abruptly (about 6e9 times). This
relationship was confirmed by a significant correlation between
both variables (Table 1) that was enhanced when an exponential
function was used.

However, correlations between soil N2O fluxes and soil (at
10 cm) and air temperatures were significant, but weak, for the data
from Seropedica. All correlations were performed using the whole
data set instead of daily means. Notwithstanding, when data from
each site were grouped by sampling time, a clear trend of high
temperatures and soil N2O fluxes occurring in the afternoon and
the opposite in the early morning was observed (Figs. 3 and 4). Soil
temperature presents a more constant oscillation than WFPS and
soil available N (especially when soil is disturbed or N fertilizer is
applied), and there will be moments of similar soil temperatures
but with differences in other key factors controlling N2O emissions,
which would explain the absence of correlations with temperature
for Edinburgh data. Livesley et al. (2008) also found a diurnal
reciprocity between soil temperature and soil N2O fluxes but only
when a short period of reasonably constant soil moisture was
considered.
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The high and significant determination coefficients between soil
N2O fluxes and soil temperature at both sites meant the variation in
diurnal soil N2O fluxes was largely explained by a soil temperature
change when data were averaged per sampling hour (Fig. 5). The
effect was more prominent for Seropédica, which presented a Q10

1.5 times greater than that for the Edinburgh site, which is
explained by a greater potential for conditions that lead to O2
restriction (Dobbie and Smith, 2001), such as the high bulk density
of Seropédica soil.

Diurnal variations in soil N2O fluxes were not significantly
correlated with WFPS, as the means for this changed on a much
slower timescale. Ryden et al. (1978) reported a diurnal variation in
soil N2O fluxes with a peak in early afternoon, which led to the
recommendation of choosing the mid-morning as the best period
for a more reliable estimative of the daily N2O flux.

Results from other publications on the relationship between
temperature and soil N2O fluxes and the most representative time
for N2O emission assay are summarized in Table 3. The data in these
studies was all presented graphically and were extracted by
measuring graphic points against the scales on the axes. Despite the
fact that temperatures were measured at different depths
(3e15 cm) some agreements could be observed. In most cases,
a N2O peak was detected in the afternoon with the lowest flux
appearing early morning or late night. The mid-morning period
(09.00e12.00 h) was frequently associated to the occurrence of the
mean daily N2O flux. Even though the peaks of lowest and highest
temperatures varied among the sites or soil cover this did not
greatly affect the period when daily mean N2O fluxes occurred. The
study of Du et al. (2006) on Mongolian grasslands showed on one
occasion a close positive relationship between temperature and
N2O fluxes but when fluxes were very low no relationship of any
type were observed.

In the present study soil temperature was measured at 10 cm soil
depth where the amplitude of diurnal variation was attenuated
compared to air temperature (Figs.1 and 2) and it is possible thatN2O
fluxes and temperature patterns will not be exactly phased in detri-
ment to the correlations (Thomson et al.,1997; Akiyama et al., 2000).

As most of the studies to measure soil N2O fluxes are carried out
using static chambers with a daily gas sampling it is fundamental
that the sampling time be appropriate to produce a N2O flux that
represents the daily mean N2O flux. Taking the daily mean N2O flux
as the dependent variable of a regression analysis and the flux at
each sampling time as the independent variable, the best time for
gas sampling will be that with the slope closest to unity. In the case
of Edinburgh, the best timewould be at 21:00 h followed by 09:00 h,
and for Seropédica, the most appropriate times were at 22:00 h and
10.00 h. The obvious advantages of sampling during themornings, in
daylight instead of darkness, and the associated greater convenience
for research staff, point to the 09:00e10:00 h as most suitable.

The correlation of flux with soil temperature is an indication
that the latter variable could be used as a reference for extrapola-
tions for other locations, as in most of the cases it is a reflection of
air temperature. Hourly air temperature is available for most places
and the time the daily mean temperature occurs would be themost
suitable for sampling static chambers to estimate daily N2O fluxes.
However, Blackmer et al. (1982) argued that there is no such suit-
able time even though they suggested that the lack of agreement
could be related to similar N2O concentration of soil atmosphere
and air, as the effect of temperature on soil N2O fluxes is partially
related to the dissolution of this gas in water and not only to the
sensitivity of biological activity to temperature.

Hence, it can be deduced that when the soil is at that level of
pore saturation which stimulates N2O production, the temperature
is a valid parameter to help in evaluating the best time for sampling
static chambers once a day. Moreover, the largest errors are
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associated with the highest N2O fluxes caused by high temperature,
irrespective of other factors involved, which means that air
temperature is useful as a reference for the selection of a suitable
sampling time in the day.

5. Conclusion

For most situations the use of static chambers with a single
sampling per day is the best compromise for assessing N2O fluxes by
manual procedures. Practically all the published reports support the
existence of diurnal variation in N2O fluxes, which may be large,
although the correlation with soil temperature suffers from the lack
of phasing of the fluctuations of the two variables, which is a func-
tion of the depth at which soil temperature is measured. The results
presented here that were obtained from two contrasting environ-
ments led to the same conclusion that morning (c. 09:00e10:00 h)
and evening (c. 21:00e22.00 h) would be the most suitable times for
sampling static chambers, and that other practical considerations
made the morning the preferred option. In the cases of uncertainty,
the correlation between the sampling time means of soil N2O fluxes
and soil temperature, and obviously the latter with air temperature,
supports the use of the time that themean air temperature occurs as
the parameter to define the most suitable sampling time.
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