
Comparison of denitrifying communities in organic soils: kinetics
of NOÿ3 and N2O reduction

Liv Holtan-Hartwiga,*, Peter DoÈ rschb, Lars Reier Bakkenb

aCentre for Soil and Environmental Research, N-1432, AÊs, Norway
bDepartment of Soil and Water Sciences, Agricultural University of Norway, PO Box 5028, N-1432, AÊs, Norway

Accepted 14 November 1999

Abstract

Our aim was to determine whether intrinsic di�erences in the denitri®er communities existed in farmed organic soils from
three di�erent sites (Germany, Sweden and Finland) on which ®eld ¯uxes of N2O had been measured continuously over 2 y. To

estimate enzyme kinetic parameters (i.e. Vmax and Km) for N2O reductase, NOÿ3 was ®rst removed by a combination of soil
washing and anaerobic incubation. Then the samples were incubated anaerobically (as slurries) with or without added NOÿ3 ,
N2O and C2H2. The estimated half saturation constants for N2O reductase were similar for all soils, and very low (Km=0.1±
0.4 mM) compared to other investigations. In response to a prolonged anaerobic conditioning incubation (48 h), the Km values

increased signi®cantly and similarly for all soils, suggesting a shift in the dominant members of the denitri®er communities. The
ratio between the estimated Vmax values for NOÿ3 reduction-to-N2O and N2O reduction-to-N2 was much lower for the Swedish
than for the other two, indicating that the community of the Swedish soil would be more e�cient in reducing NOÿ3 all the way

to N2. This di�erence is congruent with di�erences in annual ®eld ¯uxes. The results thus suggest that intrinsic di�erences in
community composition of soils exist, with consequences for the emission of N2O. Prolonged anaerobic incubation (48 h at
208C) resulted in a convergence of the communities towards similar ratios between the two Vmax values, suggesting that the

apparent intrinsic di�erences may disappear in response to such severe treatment. Thus, the persistence of such patterns may
depend on the drainage capacity of the soils. The results indicate that qualities of the denitrifying community must be taken into
account when trying to understand and to model ®eld ¯uxes of N2O from soils. They also illustrate how global trace gas

emissions can be a�ected by changes in the community compositions of soils. 7 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The functioning of the denitrifying community may
be a crucial factor in regulating the emission of N2O to
the atmosphere, since the emission is a net result of
N2O production and reduction. This balance between
production and reduction of N2O is controlled by dif-
fusion conditions and the enzymatic activities of the
denitrifying community. The latter is subject to short-
term variations since each denitrifying organism is able

to regulate the enzyme concentration depending on the
conditions (primarily by the supply of oxygen, C,
NOÿ3 , NOÿ2 and possibly N2O). Exposure to anaerobic
conditions results in the induction of the di�erent deni-
trifying enzymes, and under most circumstances, the
induction of N2O reductase appears to lag behind the
others, resulting in transient accumulation (or emis-
sion) of N2O (Firestone and Tiedje, 1979; Dendooven
and Anderson, 1995).

In modelling denitri®cation and N2O emission, it is
often assumed that the denitrifying communities of
soils are identical in terms of a�nities for electron
acceptors, relative reaction rates of the di�erent steps,
and the time it takes for inducing the di�erent enzymes
(under equal conditions). Most experimental papers on
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denitri®cation and N2O emission re¯ect the same im-
plicit assumption in emphasising the processes' depen-
dency on soil physics, chemistry and substrate supplies,
rather than the composition and physiological proper-
ties of the active organisms. This bias has been chal-
lenged more or less explicitly in some papers (e.g.
Firestone et al., 1980; Munch, 1989; Dendooven et al.,
1996; CheÁ neby et al., 1998) and is discussed in a broader
context by Schimel and Gulledge (1998), who suggest
that the microbial community composition exerts a
direct control on the ¯uxes of both CH4 and N2O, in
the sense that di�erences in the gas ¯uxes between
soils are at least partly attributable to di�erences in
physiological properties of the communities. We have
attempted to explore such possible di�erences between
the denitrifying communities of soils.

The experiments were a part of a larger research pro-
gramme entitled ``Greenhouse Gas Emission from
Farmed Organic Soils'' (GEFOS), in which ®eld ¯uxes
of N2O were measured intensively over 2 y on farmed
organic soils in Germany, Finland and Sweden. We
took soil samples from these three sites and conducted
a series of laboratory experiments designed to estimate
kinetic constants (Vmax and Km) for NOÿ3 reduction (to
N2O) and N2O reductase.

Comparisons of kinetic di�erences between denitrify-
ing communities are not trivial, since the activity status
of the potentially active bacteria is temporally ¯uctuat-
ing according to the availability of substrates and elec-
tron donors. As a result, attempts to characterise the
denitrifying communities in situ might reveal profound
di�erences. Such observations might, however, merely
re¯ect di�erences in the recent exposures to drought or
¯ooding (prior to measurements), rather than an intrin-
sic di�erence due to community composition. In order
to explore possible intrinsic di�erences in kinetic pro®les
between the soils, we therefore attempted to characterise
the actively denitrifying communities after a standar-
dised set of prior treatments. Before the experiments, the
soils were sieved, and stored moist at 48C for at least 2
months. The soils were then incubated anaerobically in
a slurry with glutamic acid so as to ensure ample supply
of carbon and energy substrate to a signi®cant (but
unknown) fraction of the denitrifying bacteria. The kin-
etic measurements were conducted after complete
removal of NOÿ3 from the anaerobic slurries. Kinetic
parameters after a brief (2-h) and a long anaerobic
conditioning incubation (48 h) were compared.

2. Materials and methods

2.1. Soil

Topsoils (0±30 cm) were collected (10±12 soil cores
of 7 cm dia were bulked) from the arable ®eld research

sites of the EU project GEFOS, in Germany (48840 '
N, 11804 ' E), Sweden (58820 ' N, 13830 ' E) and Fin-
land (62855 ' N, 29830 ' E). The Finnish soil was col-
lected in May 1997 and the German and Swedish soils
in October 1997. Soil and climatic properties are pro-
vided in Table 1. The soils were sieved (4 mm) and
stored at ®eld moisture in plastic bags at 48C until
used. The experiments were conducted over a period
lasting from 2 to 12 months after sampling. Each type
of experiment was conducted for all the three soils
within 1 month.

2.2. Anaerobic incubation routines and gas sampling

All incubations and gas samplings were carried out
as follows: bottles (120 ml) with soil (corresponding to
4±8 g dry weight) and 16±32 ml 1 mM glutamic acid
solution were capped with butyl rubber stoppers (type
20-B3P, Chromacol Ltd, London) and metal holders.
The slurries were made anaerobic by eight cycles of
evacuation and ¯ushing with 1.5 atm He (lasting a
total of about 30 min); the slurries were stirred by
magnetic stirring (600 rev minÿ1) during this treat-
ment. A ®nal over-pressure in the bottles was released
through a 0.5 mm (id) cannula which was pierced
through the rubber septum. To prevent O2 from enter-
ing during venting, the cannula was mounted on a 5 ml
plastic syringe (without piston) ®lled with 0.5 ml dis-
tilled water. All bottles were incubated in a waterbath
shaker (stroke 40 mm, 200 rev minÿ1) at 20 8C, except
for the 2 h preincubation which was conducted at
308C. Gas samples (0.2±1.0 ml, depending on expected
N2O concentrations) were periodically withdrawn from
the bottles by precision gas syringes (VICI Precision
Sampling, Inc. Baton Rouge, Louisiana, USA). To
prevent any O2 from entering during this sampling, the
syringes were ®rst ®lled with autoclaved water and
emptied so that no air was present in the cannula
when piercing the septa. The gas samples were injected
into He-®lled (1 atm) 11.6 ml vials (10-CV, Chromacol
Ltd, London) capped with butyl rubber septa. These
diluted gas samples were then analysed for N2O and
CO2 (for further details see below). Experiments for
each soil and treatment were run in triplicate.

2.3. Removal of NOÿ3

We tested two methods of removing NOÿ3 from the
soil thereby facilitating a direct determination of Vmax

and Km of N2O reductase: (i) washing of soil followed
by a short-term anaerobic incubation and (ii) long-
term anaerobic incubation of fresh soil.

2.3.1. Washing and short-term anaerobic incubation
To enable a quick and e�cient drainage of soils, we

used 250 ml centrifugation buckets equipped with a
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screen 35 cm above the bottom of the tube and a
removable bottom (Fig. 1). Glass micro®bre ®lters
(Whatman GF/C no. 1822055. Diam. 55 mm. Particle
retention in liquid; 1.2 mm) were placed on the screen,
and 30 g fresh soil were added to each bucket (two
buckets per soil type). Then 45 ml of 1 mM glutamic
acid solution was added gently onto the soil surface,
to avoid dispersing the soils (which would clog the ®l-
ters). The buckets were centrifuged at 1500 � g for 3±
9 min, the bottom part of the tube was unscrewed,
and the liquid solution was discharged. The ¯ooding
of glutamic acid solution, centrifuging and discharging
of solution was repeated three times to minimise the
residual NOÿ3 . The necessary centrifugation time to
e�ciently drain the soil increased through the washing,
from 3 min (®rst run) to 9 min (last run). Immediately
after the last centrifuge run, the soil from both buckets
was pooled in a beaker and thoroughly mixed. In
order to prevent new formation of NOÿ3 , the soil was
kept cold during the washing (centrifuge temperature
was 28C) and the subsequent weighing procedure by
using cooled (48C) equipment and solutions, and by
placing buckets and bottles on ice. The washed soil
was then incubated as a slurry as described. Half of
the bottles were provided with 12 ml 100% C2H2 in
order to block the N2O reduction step of denitri®ca-
tion (Balderstone et al., 1976, Yoshinari et al., 1977).
The moment of addition of C2H2 was regarded as the
start of incubation (t= 0). The bottles were incubated
for 4.5 h at 30 2 18C. Washing the soil had only a

minor e�ect on the production and reduction of N2O
as judged from the accumulation of N2O in the pre-
sence and absence of C2H2. In bottles with washed
soil, the concentrations during a 350 min incubation
were 4±13% lower than in bottles with unwashed soil.

2.3.2. Long-term anaerobic incubaton of fresh (not
washed) soil

Anaerobic soil slurries were prepared as described
previously. Half of the bottles were provided with
C2H2, and all bottles were incubated for 72 h at 202
18C. To ensure substrate for activity and growth
during the whole incubation, 0.5 ml of deoxygenated
40 mM glutamic acid solution was provided through
the septum with a syringe each 24 h.

The liquid phase was sampled for NOÿ3 determi-
nation several times during the incubation. The
samples were withdrawn with a syringe after a brief
sedimentation of coarse soil particles by placing the
bottles in a swing out rotor at 1500 rev minÿ1 for
7 min. The NOÿ3 content in samples of the soil slurries
was determined according to Christensen and Tiedje
(1988), using conversion of NOÿ3 to N2O by the bac-
terium Pseudomonas chlororaphis. The measurements
revealed a correspondence between the stabilisation of
the headspace N2O concentrations in C2H2 treated
bottles and the disappearance of NOÿ3 from the slur-
ries. We concluded that a 2-h anaerobic incubation
was su�cient to remove all NOÿ3 from the washed soil
slurries, whereas 48-h anaerobic incubation was necess-
ary to remove all NOÿ3 from slurries of fresh soil. We
decided to employ both procedures of removal of
NOÿ3 , thus comparing endogenous and ``induced''
denitri®er communities.

The short-term NOÿ3 removal procedure is denoted
wash-2h. The soil slurries were allowed to equilibrate
to 208C for 30 min (waterbath shaker with thermostat)
before the kinetic measurements were initiated.

The long-term NOÿ3 removal procedure is denoted
fresh-48h. The ¯ushing of bottles by alternate evacua-
tion and addition of He was repeated after this incu-
bation to remove any N2O before the kinetic
measurements started.

2.4. Vmax of NOÿ3 reduction to N2O

After removing NOÿ3 from the three soils (by wash-

Table 1

Soil properties

C (%) pH (H2O) Average ground water depth (cm) Bulk density (kg mÿ3) Mean temp (8C) Annual precip. (mm)

Finnish 23 6.0 1.06 320 2.2 612

German 35 5.4 0.67 360 7.1 579

Swedish 24 7.1 0.60 270 4.9 645

Fig. 1. Cross section of centrifugation bucket for soil washing.
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2h or fresh-48h), we added 12 ml 100% C2H2 and
deoxygenated KNO3 solution to a ®nal concentration
of 1 mM NOÿ3 in the slurry. The fresh-48h samples
were provided with additional glutamic acid solution
to a ®nal concentration of 1 mM in the slurry (assum-
ing that the previous aliquot had been completely con-
sumed). Gas samples were taken every 30 min during
a 3-h period. The Vmax of NOÿ3 reduction was calcu-
lated from linear regressions of measured N2O ac-
cumulation versus time for each bottle, assuming that
the NOÿ3 concentration was above enzyme saturation
(Knowles, 1982).

2.5. Km and Vmax of N2O reduction

After removal of NOÿ3 , the Km and Vmax for N2O
reductase was determined by two di�erent assays,
denoted single-high and ®ve-dif, respectively.

2.5.1. Single-high assay
A single high dose injection of N2O (1±6 mM N2O

in the soil slurry of wash-2h treated soils and 20±
80 mM in fresh-48h) was introduced to triplicate bot-
tles. Gas samples were periodically withdrawn from
the headspace until near depletion of N2O. The appro-
priate initial concentration of N2O for each soil and
each pretreatment had to be determined by preliminary
experiments using various concentrations to determine
approximate Vmax. Based on this Vmax, the initial
concentrations were chosen so as to achieve a near
depletion within 300 min. For each time increment
between two samplings the N2O consumption rate
was calculated as vt � �Sn ÿ S�n�1��=�t�n�1� ÿ tn�,
with a corresponding substrate concentration,
St � �S�n�1� � Sn�=2, where v is the apparent reduction
rate of N2O, t is the time, and S denotes the molar
concentration of N2O in liquid phase assuming equili-
brium between gas and liquid phase. The subscript n
and (n+1) indicate subsequent samplings.

2.5.2. Five-dif assay
A set of 15 bottles were loaded with ®ve di�erent

N2O concentrations (each concentration in triplicate).
Five gas samples were then periodically withdrawn
from each bottle during a 30-min incubation. The N2O
reduction rates for each initial concentration (0.3±
40 mM) were calculated from linear regressions of the
N2O consumption in the bottles. The ®ve-dif assay
was only applied with soil slurries subjected to the
fresh-48h NOÿ3 removal procedure. This was due to
the low activity and the low Km of the fresh-2h soil
(see results) which precluded this type of determi-
nation.

Km and Vmax for N2O reductase were estimated
from the results of both assays by non linear re-
gression (JMP, SAS Institute Inc.), using the function

v � �Vmax
�S �=�S� Km), where v is the measured rate of

N2O reduction and S the calculated molar concen-
tration of N2O in liquid phase assuming equilibrium
between gas and liquid phase. Initial equilibrium fol-
lowing N2O injection was obtained by vigorously
handshaking bottles for 15 s immediately after injec-
tion. This was con®rmed in preliminary experiments
with autoclaved soil slurries (data not shown).

2.6. Analysis and calculations of gas content

Concentrations (ml lÿ1) of N2O in the 11.6-ml di-
lution vials were determined by gas chromatography
as described in detail by Sitaula et al. (1992). The
amount of N2O in the bottles was calculated according
to:

N2O±N (mg bottleÿ1)=Cv
���Vh � Vg�=Vh� � ��Vv �

Vg�=Vg� � �Mw�N2�=VN2O�T �� � �Vh�E�T � � Vl)
where Cv is concentration of N2O determined by

GC (ml lÿ1); Vh is volume of headspace in bottle (l); Vv

is volume of dilution vial (11.6 ml); Vg is volume of
gas sample taken from bottle to the dilution vial (l);
Mw(N2O-N) is molecular weight of N2 (28.0 g moleÿ1);
VN2O(T ) is mole volume at the experimental tempera-
ture T (l moleÿ1); T is temperature (K); E(T ) is solubi-
lity constant for N2O (ml N2O mlÿ1 H2O) in water at
T (Wilhelm et al., 1977; 680 ml N2O mlÿ1 H2O at
293.15 K and 526 ml N2O mlÿ1 H2O at 303.15 K); Vl

is volume of water in the incubation bottle (medium+-
soil moisture) (l).

The solubility constants for N2O in water were
tested in our laboratory and found to be in perfect
agreement (<1% deviation) with the values given by
Wilhelm et al. (1977).

2.7. Simulation of N2O reduction

Simulation of N2O reduction based on estimated
kinetic parameters was performed to assess the likeli-
hood of growth or enzyme induction, and to inspect
the consequences of altered Km in the experimental
systems. The depletion of N2O in the gas phase during
incubation (no NOÿ3 present) was simulated assuming
instantaneous equilibrium between gas phase and
liquid phase, and Michaelis±Menten kinetics of N2O
reduction in the liquid phase:

d�N2O�=dt � DW� Vmax
��N2O�L=�Km � �N2O�L�

where d(N2O)/dt is the rate of N2O reduction in the
whole bottle (nmoles hÿ1). DW is the amount of soil
(dry weight). Vmax is maximum N2O-reduction rate
(nmoles g soil dwÿ1 hÿ1). [N2O]L is the molar concen-
tration of N2O in the liquid phase (assuming equili-
brium between gas phase and liquid phase), and Km is
the half saturation constant for N2O reductase. For
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comparison of measured and simulated N2O depletion,
the model estimates of N2O per bottle were trans-
formed to ml lÿ1 in the the gas phase.

3. Results

3.1. Removal of NOÿ3

The time courses of N2O production and consump-
tion in short and long term incubations of washed and
fresh soil, respectively, are shown in Figs. 2 and 3. As
can be seen from the stabilisation of N2O concen-
trations in C2H2 treated bottles, NOÿ3 was depleted
from washed soils after 2 h (Fig. 2), whereas 20±40 h
of incubation were necessary to deplete NOÿ3 in
unwashed soil (Fig. 3). As mentioned previously, the
absence of NOÿ3 after stabilisation of the N2O concen-
tration was con®rmed by measurements in preliminary
experiments (data not shown). Assuming complete
conversion of NOÿ3 to N2O in the presence of C2H2,
the ®nal N2O±N concentrations re¯ect initial NOÿ3 ±N
concentration in the soils prior to the incubation (ap-
proximately 20, 50 and 75 mg NOÿ3 ±N gÿ1 in the Ger-

man, Swedish and Finnish soil, respectively; Fig. 3).
The washing reduced the amounts to about 1 mg
NOÿ3 ±N g dwÿ1 in Swedish and German and to about
2±2.5 mg NOÿ3 ±Ng dwÿ1 in Finnish soil (Fig. 2).

The NOÿ3 reduction in the unwashed soil slurries
resulted in a slight increase in pH. We measured the
pH in the slurries (consisting of soil and 1 mM gluta-
mic acid) twice: (i) before they were made anaerobic
and (ii) immediately after the 48-h anaerobic incu-
bation. The pH in the German, Finnish and Swedish
soil was found to change from 5.4 to 5.5, 6.0 to 6.5
and from 7.1 to 7.5, respectively.

The community potentials for NOÿ3 and N2O re-
duction were assessed by calculating reaction rates
from the initial linear part of the progress curves in
Figs. 2 and 3. The reaction rates to be estimated were

NOÿ3 ÿÿÿ4
v1

N2Oÿÿÿ4v2 N2

The gross production of N2O (v1) was estimated by
linear regression of data for bottles with C2H2. The re-
duction of N2O (v2) was estimated by subtracting
measured net production (bottles without C2H2) from
gross production. The relationship between the esti-

Fig. 3. Time course of N2O concentration during anaerobic incu-

bation of slurries of unwashed soil. Triplicate samples were incu-

bated anaerobically (208C) with or without C2H2. Bars indicate SD

(n=3).

Fig. 2. Time course of N2O concentration during anaerobic incu-

bation of slurries of washed soil. Triplicate samples were incubated

anaerobically (308C) with (Q) or without (q) addition of 10% C2H2.

Bars indicate SD (n=3).
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mated initial N2O production and reduction (v1/v2) for
the short-term and the long-term incubation is shown
in Fig. 4. In some of the treatments the data points
were too sparse to make reliable regressions for the in-
itial increase of N2O concentration. Nevertheless, the
two experiments reveal consistent di�erences between
the three soils, in the sense that N2O reduction was
more e�cient in the Swedish than in the two other
soils.

3.2. Kinetic constants

Fig. 5 shows calculated N2O reduction rates versus
molar N2O concentrations for the Finnish soil. Data
were obtained from wash-2h and fresh-48h treated
soils. For the latter treatment, short-term incubation
of bottles with variable initial N2O concentrations
(®ve-dif assay) is compared to the N2O depletion of a
single high N2O dose (single-high assay). Similar
results were obtained with the other soils. Based on
such measurements, Km and Vmax were estimated by
non-linear regression as outlined in Section 2.5.

Estimated kinetic parameters from the di�erent ex-
periments are summarised in Table 2. The substrate
a�nity of N2O reduction showed small di�erences
between the soils, and a consistent increase in response
to the 48-h conditioning incubation. The Km values
were much below 1 mM (0.1±0.4 mM) after the wash-
2h treatment, and 1.1±5.8 mM after fresh-48h. The
Vmax values of NOÿ3 reduction were clearly higher
after the 48-h anaerobic conditioning incubation

(fresh-48h) compared to the 2-h conditioning incu-
bation (wash-2h). The increase in Vmax for NOÿ3 re-
duction to N2O was much higher for the Finnish and
the Swedish soil than for the German. Similarly, the
Vmax values for N2O reduction were higher in the 48-h
anaerobic conditioning incubation, and again there
were major di�erences between the soils.

The depletion curves for N2O (single-high) of fresh-
48h soil samples suggested a substantial upshift in ac-
tivity of N2O reductase 1±3 h after N2O injection in
all soils (illustrated in Fig. 8, to be commented on
further). The estimates of Vmax prior to the upshift
(``before upshift'', Table 2) are based on linear re-
gression, whereas the Vmax (and Km) estimates after
the upshift (``after upshift'', Table 2) are based on
non-linear regression as described in Section 2.5. Enzy-
matic parameters estimated by the single-high assay
are therefore further separated into ``before upshift''
and ``after upshift'' categories in Table 2.

To assess physiological di�erences between the soils,
the ratios between Vmax for the two processes (Vmax

NOÿ3 reduction/Vmax N2O reduction) were examined.
Di�erences in the ratios suggest that a major shift in
the balance between the two processes occurred in re-

Fig. 5. Michaelis±Menten plot for the Finnish soil. Estimated N2O

reduction rates are plotted against molar N2O concentration in the

liquid phase. Results for two di�erent conditioning incubations

(wash-2h and fresh-48h) and two types of assays (single-high and

®ve-dif) are shown. Error bars denote SD (n=3). The curves are the

®tted Michaelis±Menten's function (Vmax and Km values are shown

in Table 2). Data from the period before the upshift of N2O re-

duction are not included. See text for further explanation.

Fig. 4. Ratio between the estimated initial gross production and re-

duction of N2O. The estimated rates are based on linear regression

of N2O accumulation in bottles with or without C2H2 (Figs. 2 and

3). See text for further explanation.
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sponse to the long (48-h) anaerobic incubation, but
only for the Finnish and the German soils. In contrast,
the Swedish soil already had a low ratio after the 2-h
anaerobic incubation, and no further decrease took
place during the 48-h incubation.

Fig. 6 shows the relationship between CO2 pro-
duction and NOÿ3 /N2O reduction rates. Reasonable
agreement between the measured and theoretical
(dashed lines Fig. 6) relationship (based on electron
balance of respiration of glutamic acid) suggests that
most of the CO2 produced derives from organisms
using NOÿ3 and N2O as electron acceptors, and that
fermentation was not important.

3.3. Simulation of N2O reduction

Fig. 7 shows a N2O depletion curve for the Swedish
soil (wash-2h, single-high) together with three alterna-
tive simulations using three di�erent Km values (0.1,
0.4 and 0.8 mM N2O) and the experimentally estimated
Vmax (=4.8 mg N g dwÿ1 h1). The simulation using the
experimentally determined Km (0.4 mM) ®ts the data
well. The other simulations (Km=0.1 and 0.8 mM)
were included to illustrate the sensitivity of the simu-
lation. The residuals were included in the ®gure in
order to inspect whether a time trend existed, which
would have been created if signi®cant induction or net
growth took place (thus increasing Vmax). No such
trend can be discerned, suggesting that the depletion
curves were not in¯uenced by growth/induction. Simi-
lar model exercises were executed for the wash-2h

single-high treatments in Finnish and German soil,
and indicated a good ®t between modelled and exper-
imental Vmax and Km values.

The depletion of N2O in a single fresh-48h sample

Fig. 6. CO2 production rates versus NOÿ3 and N2O reduction rates

in soil from the Finnish (F), German (G) and Swedish (S) sites. Soil

slurries were exposed to a 2-h (wash-2h) and a 48-h (fresh-48h) an-

aerobic preincubation before the measurement. The dotted line rep-

resents the theoretical relation between N2O-production and

consumption and carbon oxidation assuming that glutamic acid was

the sole C source and no fermentation occurred. `I' denotes the

period before and `II' after the upshift in N2O consumption.

Table 2

Kinetic constants for NOÿ3 and N2O reduction for slurries of Finnish, German and Swedish soils after being under anaerobic conditions for

di�erent durations (standard error (SE) of means in parantheses)

Soil NOÿ3 removal treatmenta NOÿ3 reductionb N2O reduction N2O reduction Calculated ratio

Vmax

(mg N g dwÿ1 hÿ1) assayc
Vmax

bd

(mg N g dwÿ1 hÿ1)
Km

d

(mM)

Vmax NO3red/VmaxN2Ored

Finnish Wash-2 h 0.6 (0.0) Single-high 0.6 (0.0) 0.2 (0.1) 1.0

Fresh-48 h 8.3 (0.3) Five-dif 45.9 (6.0) 3.3 (1.2) 0.2

Single-high before upshift 17.7 (3.2) 0.5

Single-high after upshift 27.9 (2.1) 3.0 (0.8) 0.3

German Wash-2 h 0.8 (0.1) Single-high 0.4 (0.1) 0.1 (0.1) 2.0

Fresh-48 h 1.4 (0.1) Five-dif 6.1 (0.3) 1.1 (0.2) 0.2

Single-high before upshift 5.0 (0.6) 0.3

Single-high after upshift 9.1 (0.5) 4.4 (0.9) 0.2

Swedish Wash-2 h 1.3 (0.2) Single-high 4.8 (0.1) 0.4 (0.05) 0.3

Fresh-48 h 5.4 (0.5) Five-dif 14.2 (1.2) 0.8 (0.2) 0.4

Single-high before upshift 8.2 (1.1) 0.7

Single-high after upshift 15.1 (2.5) 4.3 (2.3) 0.3

a Wash-2h is 2-h anaerobic incubation of washed soil; fresh-48h is 48-h anaerobic incubation of native soil.
b Vmax of NOÿ3 reduction and N2O reduction before shiftup are average values of three bottles (separate linear regressions for each bottle) with

standard error.
c See text for explanation.
d Vmax and Km of N2O reduction after upshift were estimated by one non linear regression analysis (JMP, SAS Institute Inc.) of data from

three replicate bottles.
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of Swedish soil (Fig. 8) illustrates the upshift in N2O
reduction rate that was found in all soils after ex-
posure to the 48-h conditioning incubation (fresh-48h).
The deviations between measured and modelled de-
pletion rates (residuals) were more considerate than for
the wash-2 h samples shown in Fig. 7.

4. Discussion

4.1. Soil storage and removal of NOÿ3

The diverse geographical origin of the soils pre-
cluded any attempt to measure the ``in situ'' status of
the three soil communities. But this was not a primary
purpose of the study, since we wanted to investigate
whether there existed more intrinsic di�erences
between the communities. In situ enzyme activity
values in soils are likely to vary over a large scale,
depending on recent exposures of the communities to
aerobic or anaerobic conditions. Such presumably
ephemeral di�erences were not the focus of our study,
however. A storage of the soils under equal conditions,
as in our study, is then a better prior treatment than

any attempt to make undisturbed measurements of in
situ activities.

For two reasons, we wanted to ®nd a method by
which all NOÿ3 could be removed prior to the determi-
nation of Vmax and Km for N2O reductase. One reason
was to eliminate the confounding of N2O production
and reduction, hence allowing the kinetic constants to
be determined directly from observed changes in N2O
concentrations. Secondly, the presence of NOÿ3 could
reduce N2O reduction rate due to competition for elec-
trons (Blackmer and Bremner, 1978).

The soil washing procedure did not remove all
NOÿ3 , but the amounts were su�ciently lowered to
allow complete removal by a short anaerobic incu-
bation. The necessity of an anaerobic incubation prior
to measurements of kinetic constants would be unfor-
tunate if the in situ enzyme status is to be determined,
since even short incubations could allow some induc-
tion and de novo synthesis of denitrifying enzymes to
take place (Smith and Tiedje, 1979). However, for our
purpose, which was to compare kinetic properties of
denitrifying enzymes in the three soils, enzyme induc-

Fig. 8. Experimental (single-high, values from one bottle) and mod-

elled N2O depletion in fresh-48 h treated Swedish soil showing the

upshift of N2O reduction after about 1 h. The simulation prior to

upshift is based on Vmax=8.6 mg N g dwÿ1 hÿ1 (independently

measured) and Km=0.8 mM. Three alternative depletion curves after

the upshift are shown, based on three di�erent Km values and identi-

cal Vmax=22.1 mg N g dwÿ1 hÿ1 (independently measured).

Fig. 7. Experimental and modelled N2O depletion in wash-2h treated

Swedish soil. The three model lines are based on a common Vmax

(4.8 mg N (g dw)ÿ1 hÿ1, taken from an independent determination)

and three alternative Km values. Residuals (modelled minus

measured values) are shown below. Error bars denote SD (n=3).
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tion during the wash-2h prior treatment is not a
serious problem.

4.2. Kinetic constants

The term denitrifying community of a soil comprises
all bacteria that are capable of reducing nitrate or
nitrite to NO, N2O or N2. In the present text, we use
the term actively denitrifying community to denote the
fraction that is active under the given circumstances.
The use of anaerobic slurry incubation with glutamic
acid as the sole added C-source is unlikely to ensure
high activity of all potentially active denitrifying bac-
teria in the soil. This is not a problem, however, since
we are presumably studying the same ``functional''
fraction in all soils.

It should be kept in mind that the increase in the ac-
tivity values that took place during the anaerobic incu-
bation (Table 2) is likely to be a result of three
phenomena; an increased metabolic activity due to ad-
dition of glutamic acid, induction of denitrifying
enzymes as a result of anaerobic conditions, and net
growth. Since these phenomena are likely to occur in
(partly overlapping) fractions of the community, it
may cause changes in the apparent a�nity for the sub-
strate, provided that the community contains organ-
isms with di�erent substrate a�nities.

For the sake of simplicity, we have used the term
``upshift'' to denote the sudden change in activity
value appearing 1±3 h after N2O injection in the fresh-
48h single-high samples, acknowledging that it may
include both enzyme induction and increased meta-
bolic activity due to substrate input (glutamic acid
added after 48 h).

The estimated Km values (Table 2) were low com-
pared to those observed for various denitrifying bac-
teria, which range from 0.5 to 100 mM (Conrad, 1996).
High Km values may be biased, however, due to sub-
strate di�usion limitation which will cause erroneously
high Km estimates (Firestone, 1982). Di�usion limi-
tation was minimised in the present experiment by the
vigorous shaking of the slurries. The method of Km

calculation (discrete intervals of a di�erential equation)
from the progress curve in single-high experiments is
an approximation which will give slightly too high Km

estimates. We do not believe, however, that this bias is
large enough to confound the major trends. The simu-
lation exercises (Figs. 7 and 8) also support that the
estimated Km values are reasonable estimates for the
dominant denitrifying bacteria in the soils. The fact
that these Km values shifted consistently towards
higher values after the fresh-48h treatment suggests
that such long anaerobic incubation caused a shift in
the composition of the community of active denitrify-
ing bacteria. This could be due to induction of new
and di�erent enzymes or rapid growth by a fraction of

the community (Schimel, 1995; Schimel and Gulledge,
1998). A similar shift occurred in all soils, suggesting
that this is a general phenomenon.

The Vmax values, and especially that for N2O re-
duction, were more variable among soils (Table 2).
The Vmax for N2O reduction of the Finnish and Ger-
man soil was fairly low (0.6 and 0.4 mg N g dwÿ1 hÿ1)
after the 2-h conditioning incubation (wash-2h), while
it was about 10-fold higher (4.8 mg N g dwÿ1 hÿ1) in
the Swedish soil. The anaerobic conditioning incu-
bation lasting for 48 h (fresh-48h) resulted in a Vmax

that was roughly 50, 17, and 3 times higher than after
the 2-h conditioning incubation for the Finnish, Ger-
man, and Swedish soil, respectively.

The ratios between the Vmax values for NOÿ3 re-
duction and N2O reduction (Table 2) appear to be of
greatest interest regarding the role of the communities
in regulating the emissions of N2O to the atmosphere.
This ratio is a relative measure of each community's
ability to reduce NOÿ3 all the way to N2 (i.e. with mini-
mal losses of N2O). Thus, the low ratio (0.3) for the
Swedish soil after the wash-2h treatment suggests that
the actively denitrifying community in this soil pos-
sesses a higher capacity for avoiding losses of N2O
compared to the Finnish and German soils. This
di�erence between the soils matches the preliminary
experiments (Figs. 2 and 3), in which practically no
N2O accumulation in the Swedish soil compared to the
others was found. There is also a striking congruence
between our laboratory observations and the 2 y ®eld
¯ux measurements for these sites, which showed much
lower annual emissions for the Swedish (4.0 kg N2O±
N haÿ1 yÿ1) than from the Finnish (8.3 kg N2O±N
haÿ1 yÿ1) and German (14.6 kg N2O±N haÿ1 yÿ1)
sites (Leif Klemedtsson et al., 1999). This is of course,
however, not proof of an independent control over
N2O emission by the composition of the community.

The fact that the communities converged towards
similar characteristics after 48 h could be taken to
suggest that the German and Finnish soils have the ca-
pacity to support an equally ``e�cient'' denitrifying
community (i.e. with low N2O emission) as the Swed-
ish soil, provided that they were exposed to prolonged
periods of ¯ooding. The relevance of this is uncertain,
however, since most of the denitri®cation-derived N2O
emission from drained soils is likely to stem from
organisms exposed to intermittent aerobic/microaero-
bic/anaerobic conditions.

Dendooven and Anderson (1995) used a mathemat-
ical procedure to estimate enzyme characteristics in
their experiments. They estimated the de novo syn-
thesis of denitri®cation enzymes in a clayey soil under
pasture in response to anaerobiosis, and found that it
appeared to occur in a sequential order: NOÿ3 re-
ductase was formed within 2±3 h, NOÿ2 reductase
between 2 and 12 h and nitrous oxide reductase
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between 24 and 42 h. The same sequential synthesis
pattern of nitrogenous oxide reductases was found by
Firestone and Tiedje (1979) and Firestone et al. (1980),
and is in some agreement with our observations, in the
sense that the fresh-48h treatment decreased the ratio
(Vmax NOÿ3 red./VmaxN2O red.) compared to the wash-
2h treatment (Table 2). This was, however, only
observed for the Finnish and German soils. In con-
trast, the Swedish soil had a low ratio after the wash-
2h treatment, and did not decrease in response to a
long lasting anaerobic incubation prior to determi-
nation of kinetic constants.

The considerable upshift of Vmax for N2O reduction
found some hours after N2O injection in fresh-48h
single-high samples (Table 2 and Fig. 8) might be due
to induction of additional N2O reductase as a response
to the high N2O concentration. Some kind of recovery
or resuscitation might also have taken place. A poss-
ible stress during the conditioning incubation could be
starvation due to depletion of electron acceptors (N2O
and NOÿ3 ) towards the end of the 48-h conditioning in-
cubation (see Fig. 3). A lack of electron acceptors
during anaerobic conditions represents a severe star-
vation for denitrifying bacteria (Hùjberg et al., 1997).

In our laboratory experiments we provided unlim-
ited amounts of carbon, constant temperature, and
either no (after washing or anaerobic incubation) or a
known amount of NOÿ3 (1 mM KNO3 given to
samples receiving C2H2). The pH is the only important
factor that was not kept controlled during the exper-
iments. The reduction of N2O is known to be more
sensitive to acidic conditions than is that of NOÿ3 ,
resulting in an increased N2O/N2 product ratio with
decreasing pH (NoÄ mmik, 1956; Koskinen and Keeney,
1982). This could be taken as an indication that the
soil pH was the main reason for the e�cient N2O re-
duction in the Swedish soil (pH 7.1) compared to the
Finnish (pH 6.0) and German (pH 5.4) soil. However,
this congruence between pH and Vmax ratios (Table 2)
disappeared after 48 h, although the measured changes
in pH was negligible. This shows that a direct e�ect of
pH on N2O reductase does not necessarily override the
e�ect of the composition of the active organisms/
enzymes. Another point is that in the absence of
nitrate, the pH has been found to have minimal e�ect
on the N2O/N2 ratio (Blackmer and Bremner, 1978;
Firestone et al., 1980). In our measurements of N2O
reductase, no NOÿ3 was present, which makes it likely
that the pH did not play a major role.

The results demonstrate that microbial factors may
be of great importance for regulating the N2O ¯ux.
Models of N2O emission and other microbiological
processes should take into account that di�erent soils
may harbour di�erent communities, and the kinetics of
microbial growth and enzyme induction should be
modelled explicitly. We believe that the microbial com-

munity structure in¯uences, to a greater extent than
has been taken into consideration up to now, the glo-
bal trace gases (Schimel, 1995; Schimel and Gulledge,
1998) and turnover of solutes in soil, and water.
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