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Abstract The experiment, carried out on a forest and
arable light-textured soil, was designed to study the
temperature response of autotrophic and heterotrophic
N2O production and investigate how the N2O flux re-
lates to soil respiration and O2 consumption. Although
N2O production seemed to be stimulated by a tempera-
ture increase in both soils, the relationship between
production rate and temperature was different in the
two soils. This seemed to depend on the different con-
tribution of nitrification and denitrification to the over-
all N2O flux. In the forest soil, almost all N2O was de-
rived from nitrification, and its production rate rose lin-
early from 2 7C to 40 7C. A stronger effect of tempera-
ture on N2O production was observed in the arable soil,
apparently as a result of an incremental contribution of
denitrification to the overall N2O flux with rising tem-
perature. The soil respiration rate increased exponen-
tially with temperature and was significantly correlated
with N2O production. O2 consumption stimulated deni-
trification in both soils. In the arable soil, N2O and N2

production increased exponentially with decreasing O2

concentration, though N2O was the main gas produced
at any temperature. In the forest soil, only the N2 flux
was related exponentially to O2 consumption and it
outweighed the rate of N2O production only at 134 7C.
Thus, it appears that in the forest soil, where nitrifica-
tion was the main source of N2O, temperature affected
the N2O flux less dramatically than in the arable soil,
where a temperature increase strongly stimulated N2O
production by enhancing favourable conditions for de-
nitrification.
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Introduction

Temperature, together with moisture, is one of the
most influential environmental factors affecting the
rate of nutrient cycling and the production of green-
house gases in soil (Kirschbaum 1995; Smith 1997). In
periods when water is non-limiting (mainly in temper-
ate zones), the processes of decomposition, mineraliza-
tion and CO2 production appear to be strongly stimu-
lated by temperature increases (Peterjohn et al. 1993;
Kirschbaum 1995; Winkler et al. 1996), and, the en-
hanced mineralization seems to increase the emissions
of N2O and NO (Matson et al. 1989). However, a direct
effect of temperature has also been observed on N2O
production. Although this generally increases with ris-
ing temperature (Granli and Bøckman 1994; Smith
1997), the relationship between N2O fluxes and tem-
perature increase is not straightforward, as many differ-
ent processes are involved. In fact, N2O is produced
during nitrification and denitrification, but can also be
consumed by the latter. Moreover, when a temperature
rise stimulates microbial respiration, i.e. O2 consump-
tion, the volume of the anaerobic fraction of the soil
increases, enhancing denitrification activity (Parkin and
Tiedje 1984; Smith 1997).

In order to make the correct assumptions to model
the effect of temperature changes on the production of
greenhouse gases it is important to gain more informa-
tion on the response to temperature changes of soil mi-
crobial processes involved in the production of these
gases. This is particularly important considering that
the rise in the mean global surface temperature, due to
the increased atmospheric concentration of greenhouse
gases, is expected to have a positive feedback effect on
the biogenic gases emissions (IPCC 1990, 1995; Smith
1997).

The present study was designed to investigate the ef-
fect of temperature changes on soil microbial processes
involved in N2O emissions. A model experiment was
carried out where soils were incubated at different tem-
peratures, and the rates of autotrophic and hetero-
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trophic N2O production, denitrification, microbial res-
piration and O2 consumption were measured. Atten-
tion was focused on light-textured soils which facili-
tated the study of N2O production by processes of both
nitrification and denitrification, as compared with hea-
vy textured soils where denitrification represents the
only source of N2O, especially at high temperatures.

Materials and methods

Soils used and experimental design

Two light-textured soils, a sandy loam and a loamy sand, were
sampled at the beginning of April from a deciduous woodland
and a nearby winter wheat field, at Gullane, East Lothian, Scot-
land (Castaldi and Smith 1998). Several samples were taken ran-
domly from the top 10 cm of soil after having removed the litter
layer. At the time of sampling the soil temperature was 6 7C in the
forest site and 9 7C in the arable site. On the same day, soils were
sieved, extracted for 1 h with 1 M KCl (100 ml 20 g–1 fresh soil)
for the determination of available mineral N and weighed for the
determination of the gravimetric water content. The remaining
soil was stored overnight at 7 7C. The next day, 27 samples (50 g
fresh soil) of each soil were weighed into 0.5-l conical flasks; wa-
ter was added to bring the soil to 60% of water-filled pore space
(WFPS), and the flasks were firmly capped and pre-incubated.
Nine flasks of each soil were pre-incubated at 2 7C, nine at 25 7C
and nine at 40 7C, in order to cover a wide range of temperature,
from just above freezing point (0 7C) to just below the limit of
protein denaturation (40 7C). However, both soils rarely present-
ed an average monthly maximum temperature 120 7C. Ten days
of pre-incubation were given to allow the microbial populations
to adapt to the different temperatures. After this period the flasks
were opened, flushed with synthetic air and amended with 0.2 mg
NH4NO3 g–1 dry soil and 0.37 mg glucose g–1 dry soil using talc as
a carrier (5 mg g–1 dry soil). The water content was adjusted to
obtain 60% of WFPS. The flasks were capped with air-tight rub-
ber lids. A needle was inserted in the rubber to allow air escape
and was removed immediately after closure in order to avoid
over-pressure in the flasks due to the insertion of the lids. For
each series of nine flasks, three were used as controls, three were
amended with 0.5 ml acetylene (0.1% C2H2 v/v) to inhibit the ac-
tivity of the ammonia-monooxygenase (Hynes and Knowles
1978), and three were amended with 50 ml acetylene (0.1% C2H2

v/v), to inhibit the activity of the nitrous oxide reductase (Yoshi-
nari and Knowles 1976). Both C2H2 concentrations were found
optimal in preliminary experiments. The flasks were incubated
for 24 h, each lot at the same temperature as in the pre-incuba-
tion. After 24 h, two consecutive 1 ml gas samples were taken us-
ing air-tight syringes. The samples were immediately analysed by
gas chromatography. Autotrophic and heterotrophic N2O pro-
duction and denitrification N2 production were calculated using
the acetylene block technique results as described by Davidson et
al. (1986).

Analyses

Available N was determined on the 1 M KCl extract by automat-
ed colorimetric analysis based on methods by Crooke and Simp-
son (1971) and Best (1976) for NH4

c-N and NO3
–-N, respectively.

The relationship between the water content and the WFPS was
obtained using a measured bulk density of 1.32 for the arable and
1.15 for the forest soil. CO2 and O2 gas samples were measured
with a gas chromatograph equipped with a thermal conductivity
detector and Porapak Q packed columns. N2O gas samples were
measured with a gas chromatograph equipped with an electron
capture detector (Castaldi and Smith 1998).

Fig. 1 Mean rates of autotrophic N2O production([), hetero-
trophic N2O production (l) and N2 production (g) in the forest
soil samples at 2 7C, 25 7C and 40 7C. In the upper left-hand corner
is the Arrhenius plot of the N2 production rate. The line was fit-
ted to data by linear regression

Results

When the temperature was raised from 2 7C to 40 7C,
the average N2O production increased from 0.2 to
5.9 ng N g–1 h–1 in the forest soil and from 0.2 to 5 ng N
g–1 h–1 in the arable soil. Although the range of N2O
production was comparable, nitrification and denitrifi-
cation contributed differently to the overall N2O flux in
the two soils. In the forest soil, N2O production was de-
rived almost completely from nitrification, and its pro-
duction rate increased linearly with temperature
(Fig. 1). Whereas in the arable soil an exponential rela-
tionship was found for both autotrophic and hetero-
trophic N2O production (Fig. 2), and the relative con-
tribution of denitrification was observed to increased
with temperature. In both soils N2 production rates
rose exponentially with temperature in accordance with
an Arrhenius equation (Fig. 1, small box; Fig. 2). How-
ever, the increase in the N2 production rate per 10 7C
increase in temperature, i.e. the Q10, was much lower in
the forest soil than in the arable soil (Table 1).

Above 2 7C, CO2 production rates were significantly
higher in the forest soil than in the arable soil (Fig. 3a).
In both cases, the relationship between respiration
rates and temperature was described by an Arrhenius
equation (Fig. 3b) and the Q10s calculated for the two
soils were comparable (Table 1).

In both soils O2 uptake rates, measured as O2 disap-
pearance rates in the jars’ headspace, increased linearly
with temperature, but at a significantly higher rate in
the forest soil (Fig. 4). Since O2 concentration regulates
denitrification activity and the ratio N2O/N2, O2 con-
sumption rate was plotted against rates of hetero-
trophic N2O and N2 production. In the forest soil the
N2O flux increased linearly with O2 consumption up to
30 mg O2 g–1 h–1 and then started to slow down. In con-
trast, a significant exponential relationship was evi-
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Fig. 2 Arrhenius plot of the mean rates of autotrophic N2O pro-
duction ([), heterotrophic N2O production (l) and N2 produc-
tion (g) in the arable soil samples incubated at 2 7C, 25 7C and
40 7C. Lines were fitted to data by linear regression

Fig. 3 Mean CO2 emissions rates from the forest (G) and the ar-
able (}) soil samples at 2 7C, 25 7C and 40 7C (a), and the same
values reported in an Arrhenius plot (b). Bars represent 1 SE.
Lines were fitted to data by linear regression

Fig. 4 Mean rates of O2 consumption in the forest soil (G) and in
the arable soil samples (}) incubated at 2 7C, 25 7C and 40 7C.
Bars represent 1 SE. Lines were fitted to data by linear regres-
sion

Fig. 5 N2 production rate as a function of the O2 consumption
rate in the forest soil samples. Dotted lines represent a non-linear
regression of the data. In the small box N2 production data are
reported in logarithmic scale and were fitted by linear regression.
Confidence and prediction intervals are represented as dashed
and dotted lines, respectively

denced between rates of N2 production and O2 con-
sumption (Pp0.002; Fig. 5). However, only when the
latter was around 58 mg O2 g–1 h–1 did the N2 flux rise
steeply. This O2 consumption rate would occur at 34 7C,
as calculated from the regression equation (O2 con-
sumption ratep4.43c1.58 temperature) shown in
Fig. 4.

No statistically significant relationship was evi-
denced between either N2O or N2 and O2 consumption
in the arable soil when all the replicates were plotted.
However, by plotting the averages, it could be observed
that autotrophic, heterotrophic and total N2O produc-
tion, as well as N2 production, increased exponentially
with O2 consumption (Fig. 6). The steepest rise was re-
corded above 32 mg O2 g–1 h–1, which would occur at
about 15 7C, as calculated from the regression equation
(O2 consumption ratep11.2c0.75 temperature;
Fig. 4).

Discussion

Response of N2O and CO2 production to temperature
in the two soils

A low N2O flux was measured in both soils at low tem-
perature (2 7C), in accordance with previous findings
during field experiments (Castaldi 1997). Similar results
were also obtained for different soils by Malhi et al.
(1990) and by Dorland and Beauchamp (1991). Signifi-
cant denitrification rates and N2O fluxes have been
found, indeed, to occur at low temperatures only when
soil is at field capacity, because the low soil gas diffu-
sivity under these conditions facilitates the creation of
anaerobic microsites where denitrification takes place
(Powlson et al. 1988).
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Table 1 Q10s calculated for the rates of autotrophic and hetero-
trophic N2O production, N2 production and CO2 production in
the arable and in the forest soil, in the temperature intervals of
2–25 7C and 25–40 7C

Q10s for production rates in
the temperature ranges

2–25 7C 25–40 7C

Arable soil samples
Autotrophic N2O production 2.1 2.0
Heterotrophic N2O production 2.0 3.4
N2 produced by denitrification 8.9 9.7
CO2 production 2.1 1.9

Forest soil samples
N2 produced by denitrification 2.5 2.7
CO2 production 2.2 1.9

Fig. 6 Average rates of autotrophic ([), heterotrophic (l) and
total N2O production (}) and N2 production (g) plotted against
O2 consumption rates for the forest soil

When the temperature was raised from 2 7C to 40 7C,
N2O production increased significantly. Thus, even if
the microbial population was adapted to soil tempera-
tures of ~15 7C for most of the year, it responded posi-
tively to significant temperature increases.

Although the range of N2O production was compar-
able, the response of autotrophic and heterotrophic
N2O production to temperature changes was different
in the two soils. In the arable soil the N2O flux had
both an autotrophic and heterotrophic origin, but the
relative contribution of denitrification activity in-
creased with a rise in temperature, increasing from 53%
at 2 7C to 70% at 40 7C. This might be explained by the
observation that denitrification has a higher optimum
temperature range than nitrification (see Granli and
Bøckman 1994). However, denitrification activity might
also be indirectly stimulated by a rise in temperature,
which, by enhancing soil respiration and O2 consump-
tion, might increase the volume of the anaerobic frac-
tion of the soil, strongly and positively correlated with

denitrification activity (Parkin and Tiedje 1984; Smith
1997). This is in accordance with the observed Q10s. In
fact, autotrophic activity presented a Q10 of about 2,
typical of biological reactions, while heterotrophic N2O
production presented a Q10 of 3.4 and a Q10 between
8.9 and 9.7 was calculated for N2 production. Although
a Q10 as low as 0.9 has been measured for N2O emis-
sions in laboratory experiments, high Q10s have been
mainly observed in association with denitrification ac-
tivity (see Smith 1997). The reason for this is that a
temperature rise enhances the activity of denitrifiers
within the soil anaerobic microsites, and increases the
volume of the anaerobic soil fraction, where denitrifica-
tion occurs. Thus, when this increase is multiplied by
the Q10 of the denitrification reaction rate per unit vol-
ume in the anaerobic zone, large Q10s are obtained for
denitrification and heterotrophic N2O production
(Smith 1997).

Although N2 production increased more steeply
with increasing temperature than heterotrophic N2O
production, up to 40 7C the ratio heterotrophic N2O/N2

was never ~1, and the overall amount of N2O-N still
exceeded the amount of N2–N by 10%. Even if the
N2O/N2 ratio has been observed to decrease with in-
creasing temperature, the present experimental condi-
tions, i.e. a thin layer of soil, large headspace, 60%
WFPS, were not favourable for the reduction of N2O to
N2.

Most of the N2O production in the forest soil had an
autotrophic origin and its rate grew linearly with tem-
perature, rather than exponentially as observed for
most biological reactions. This also contrasted with the
observations for the arable soil, where autotrophic N2O
production and temperature were related by an expon-
ential relationship of the Arrhenius type. This different
relationship with temperature results in a different sen-
sitivity to temperature of the two soils. In fact, while in
the forest soil N2O production increases constantly for
each 1 7C increase in temperature, in the arable soil its
rate increases faster the higher the temperature. As a
result, if a 3 7C increase over the maximum annual tem-
perature (25 7C) is assumed, as forecast by modellers
for the present century (IPCC 1995), a 31% relative in-
crease in N2O production in the arable soil can be cal-
culated, in contrast with only a 10% relative increase in
the forest soil.

Despite the low heterotrophic N2O production, the
forest soil showed a significant denitrification activity,
yielding mainly N2. Indeed, the N2O/N2 ratio decreased
significantly from 0.18 at 25 7C to 0.05 at 40 7C. The Q10

for N2 production, however, was much lower (2.5–2.7)
than for the arable soil, which suggests that tempera-
ture has a less dramatic effect on soil conditions and on
the processes which stimulate N2 production by deni-
trification in the forest soil, as compared with the ara-
ble soil. These results are in accordance with previous
findings on the same soils (Castaldi and Smith 1998),
which showed that in the forest soil denitrification
yielded mainly N2, while N2O was derived mostly from
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NH4
coxidation and NO2

– reduction processes other than
denitrification.

Soil respiration increased according to an Arrhenius
equation in both soils with a Q10 of about 2 (Kirshbaum
1995; Winkler et al. 1996), and it was much higher in
the forest than in the arable soil. This was particularly
evident with increasing temperature. This type of result
should not depend on substrate limitation, because in a
24-h incubation only the forest soil samples incubated
at 40 7C produced more CO2–C than the quantity of ad-
ded glucose-C. However, the microbial biomass mea-
sured in the forest soil immediately after field sampling
was sixfold that of the biomass measured in the arable
soil (Castaldi 1997). A higher biomass and a natural
higher C content of the soil (in the absence of C and N
additional amendments) might have induced faster mi-
crobial growth in the forest soil during the pre-incuba-
tion period, which, in turn, might have led to a faster
respiration rate and O2 consumption rate in the 24-h
incubation, despite the addition of the same quantity of
glucose and N to both soils.

Relationship between N2O production, CO2

production and O2 consumption at different
temperatures

In non-saturated soils, both nitrification and denitrifica-
tion contribute to N2O production. A reduction in the
O2 concentration in soil stimulates N2O production by
both processes. However, at low O2 concentrations ni-
trification is inhibited, whereas denitrification is at opti-
mal conditions (Granli and Bøckman 1994). It has been
suggested that, in aerated soils, denitrification occurs in
microsites of intense microbial activity associated with
fresh organic matter, the so-called “hot spots” (Parkin
and Tiedje 1984). In such microsites the high respira-
tion rate lowers the O2 concentration. If the rate of O2

consumption is faster than the rate of O2 diffusion into
the centre of the microsite, denitrification can take
place, even if the surrounding environment is “aero-
bic”.

The results show that in both soils the temperature-
induced increase in respiration activity was significantly
correlated to N2O production (P~0.05). In the forest
soil, the increased rates of respiration and O2 consump-
tion stimulated N2O production and denitrification.
However, the relative increase in the rate of N2O pro-
duction slowed down when the concentration of O2 de-
creased to ~15% (v/v). This can be explained by the
fact that nitrification was the main source of N2O. In
contrast, denitrification and the N2 production rate rose
exponentially with O2 consumption. This was in accor-
dance with the results of Smith (1980) and Parkin and
Tiedje (1984). Nevertheless, only at high rates of O2

consumption (58 mg O2 g–1 h–1), which occurred at
about 34 7C, did the production of N2 outweigh that of
total N2O-N. Consequently, for the range of tempera-
tures that might be recorded at the forest site during

the year, nitrification was the dominant source of N2O
and the ratio N2O/N2 was 11.

In the arable soil, although a statistically significant
relationship was not obtained, O2 consumption seemed
to stimulate both autotrophic and heterotrophic N2O
production. The relative contribution of nitrification
decreased significantly only when the O2 consumption
rate rose above 30 mg O2 g–1 h–1 (at about 25 7C).
Above this value, heterotrophic N2O production be-
came predominant and outweighed N2 production at all
temperatures.

In conclusion, in the two soils the dominant source
of N2O was different and seemed to respond differently
to temperature changes. In the forest soil the effect of
temperature on N2O production was less dramatic than
in the arable soil, as nitrification was the main source of
N2O. A stronger effect of temperature increase on N2O
production was observed in the arable soil, apparently
as a result of an incremental contribution of denitrifica-
tion to the overall N2O flux. This seemed to depend on
the progressively increasing effect of temperature on
respiration and the O2 consumption rate, which en-
hanced favourable conditions for denitrification.

Even if it is not correct to extrapolate results to field
level just on the basis of model laboratory experiments,
the effect of temperature on N2O production, evi-
denced in this experiment, could be reasonably ex-
pected to be more pronounced in the field, where the
soil structure contributes to a slowing down of the
supply of O2 to microorganisms. This should be parti-
cularly true for the arable soil where N2O was derived
mainly from denitrification. Moreover, for most of the
year, such soil would not be limited in C and N sub-
strates due to agricultural fertilization practices.
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