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Summary

In temperate forests, soils are themain sink for atmosphericNdeposition. Themain processes proposed forN

retention are microbial and abiotic immobilization in soil organic matter. The relative importance of these

processes as well as the kind of resulting chemical compounds are not totally understood. We carried out

a laboratory incubation ofHg-sterilized and non-sterilized organic and organo-mineral soil horizons, labelled

with either 15NO3
� or 15NH4

þ. The labelled samples were incubated for 1 hour, 1 day, or 6 days, then sub-

jected to K2SO4 extraction and analysed with 15N CPMAS NMR spectroscopy. N immobilization was

already effective in all samples and treatments after 1 hour. The corresponding NMR spectra showed that

part of the immobilized 15N was already incorporated into an amide structure. In the sterilized soils

labelled with 15NH4
þ, the tracer was rapidly and largely immobilized by an unknown process related to the

presence of Hg. In the sterilized soils labelled with 15NO3
�, between one-third and one-half of the added

tracer was immobilized during the first hour and only 10% more over the 6 days. These results suggest that

the sterilization was incomplete at first, allowing relatively great microbial immobilization during the first

hour. By contrast, over a longer time, NO3
� immobilization was significantly reduced to a level corre-

sponding to an abiotic process as Hg sterilization became more effective. Even if the low signal-to-noise

ratio precluded quantitative 15N NMR measurements, we showed that the amide-peptide signal, consid-

ered as a biotic signature, was dominant in all cases.

Résumé

Dans les forêts tempérées, les sols constituent le puits principal vis-à-vis des apports atmosphériques azotés.Deux

processus sont à l’origine de la rétention de l’azote dans le sol, l’immobilisation microbienne et l’immobilisation

abiotique sur lamatière organique.L’importance relativede cesdeuxprocessusainsi que les formes chimiquesqui

en résultent ne sont pas élucidées. Nous avonsmené au laboratoire une expérience d’incubation qui porte sur des

horizons organiques, organo-minéraux, stérilisés ou non à Hg et marqués ou non à 15NO3
� ou 15NH4

þ. Suite à

une incubation d’une heure, d’un jour et de 6 jours, des extractions chimiques à K2SO4 et de la N CPMAS

spectroscopie de Résonance Magnétique Nucléaire ont été réalisées sur les échantillons marqués 15NO3
�,

15NH4
þ. Après une heure, on note une immobilisation de l’azote dans tous les échantillons de sol, quelque soit

le traitement effectué. Les spectres RMN correspondant indiquent qu’une partie du 15N immobilisé est sous

forme d’amides. Dans les échantillons stérilisés marqués à 15NH4
þ, le traceur est rapidement et massivement

immobilisé par un processus non identifié et lié à la présence de Hg. Dans les sols stérilisés marqués à 15NO3
�,

entre un tiers et la moitié de la quantité du traceur sont immobilisés au cours de la première heure. Au cours

des 6 jours suivants cette quantité immobilisée n’augmente que de 10%. Ces résultats suggèrent que la stéri-

lisation est incomplète au départ et qu’une importante immobilisation microbienne se produit lors de la pre-

mière heure d’incubation. Par contre, lorsque la stérilisation devient efficace, c’est-à-dire lors d’une période

d’incubation plus longue, l’immobilisation de 15NO3
�est limitée et atteint un niveau qui pourrait correspondre

à celui d’une immobilisation abiotique. Malgré un bruit de fond important dans les spectres de RMN qui

exclut toute quantification des composants azotés, nous avons démontré la prédominance des amides, formes

considérées comme d’origine biologique, dans tous les cas étudiés.
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Introduction

Atmospheric N deposition has strongly increased worldwide

during the last decades due to human activities, especially agri-

culture and fossil fuel combustion. Therefore, increasing

amounts of N are deposited over natural or other unfertilized

terrestrial ecosystems as inorganic compounds, mainly as NO3
�

(from NOX emitted by combustion processes) and NH4
þ

(from NH3 emitted by agricultural activities). In European

temperate forest ecosystems, rates of N inputs through wet

and dry atmospheric deposition range from less than 1 kg N

ha�1 year�1 (northern Norway and Finland) to more than

60 kg N ha�1 year�1 (the Netherlands and Czech Republic;

MacDonald et al., 2002). On a terrestrial scale, amounts of N

deposition are double those of naturally biotically fixed N.

Previous studies concerning the impacts of N deposition on

terrestrial temperate ecosystems have shown that the soil acts

as a main sink, with its organic layer immobilizing most of the

deposited N (Buchmann et al., 1996; Nadelhoffer et al., 1999;

Schleppi et al., 1999; Lamontagne et al., 2000; Providoli et al.,

2006). However, the processes involved in N immobilization in

the soil, as well as their resulting chemical forms, are not com-

pletely understood. Previous studies (He et al., 1991; Hart

et al., 1993; Dail et al., 2001; Fitzhugh et al., 2003; Morier,

2006; Providoli et al., 2006) show that the two main processes

that seem to be involved in N retention in the soil in the case

of atmospheric deposition are: (i) microbial immobilization,

and (ii) direct and abiotic fixation on the soil organic matter.

Such processes take place within a short time, from hours to

days, following N deposition events (Berntson & Aber, 2000;

Perakis & Hedin, 2001; Providoli et al., 2006). An efficient

method to assess the relative importance of the biotic and abi-

otic processes is the comparison of N immobilization in steril-

ized and non-sterilized soils. Possible techniques for soil

sterilization are autoclaving, irradiation, or use of biocides

(Johnson et al., 2000; Dail et al., 2001). The use of HgCl2 as

a sterilizing agent seems to be the best method because it pro-

duces the fewest changes in the soil chemical and physical

properties with no significant effects on nutrients (Wolf et al.,

1989; Wolf & Skipper, 1994). With respect to the chemical

characterization of N forms, 15N CPMAS NMR (Cross Polar-

isation Magic Angle Spinning Nuclear Magnetic Resonance)

spectroscopy is a powerful tool to assess chemical N-organic

bonds in the soil (Knicker et al., 1993; Knicker & Lüdemann,

1995; Mathers et al., 2000; Knicker, 2004; Diekow et al., 2005).

According to Mathers et al. (2000), by combining 15N CPMAS

NMR with quantitative analysis of total N and 15N (and their

recoveries as conventional forms of N), with pyrolysis, hydro-

lysis and incubation experiments, a much-needed insight into

the nature and availability of organic N in soils should be

gained. To improve our knowledge of the processes and the

chemical forms involved in N immobilization in the soil, we

coupled both: (i) 15N labelling (as 15NH4þ and 15NO3
�) of

sterilized (Hg-treated) or non-sterilized soils, and (ii) NMR

spectroscopy measurements. We tracked the 15N tracer after 1

hour, 1 day and 6 days. We were more specifically interested

in: (i) the very short-term (hours to days) dynamics of 15N

immobilization in the soil, (ii) the identification of biotic and

abiotic processes responsible for this immobilization, (iii) the

influence of the nature of the added chemicals (15NH4
þ or

15NO3
�) on this immobilization, and (iv) the main chemical

forms in which 15N is immobilized. To our knowledge this is

the first attempt to apply 15N labelling CPMAS NMR and soil

sterilization, to the very short-term to short-term dynamics of

N deposition in soil.

Materials and methods

Site description

Soil sampleswere collectedwithin the riparian zone of the Sarine

river at Grandvillard, Switzerland (46°32¢N/7°04¢E). The vege-
tation of the site is a beech forest (Fagus sylvatica L.) mixed with

planted spruce (Picea abies (L.) Karst.). The parent material

consists of alluvial deposits and the water table is very deep, at

approximately 4 m. The soil is a well-drained Calcareous Flu-

visol according to the FAO-UNESCO classification (Driessen

& Dudal, 1991). Its profile consists of an OL layer (a few milli-

metres), a loamy calcareous A layer (0–25 cm) and a sandy

loam calcareous B layer (26–50 cm), which lies above a sandy

bed and the coarse alluvial deposits. The humus is of a calcare-

ous mull type with a rapid organic matter turnover. Addi-

tional details about the site are given by Bureau (1995).

Experimental design

The experiment consisted of a randomized block design with

four factors and two replications. The first factor was the soil

layers, either litter (OL), the organic soil composed of the first

1–2 cms under the litter and containing partly decomposed litter

and soil aggregates (OL-Aca), or the organo-mineral soil col-

lected between 4 and 10 cm depth (Aca). The second experimen-

tal factor was soil sterilization with Hg, or non-sterilized. The

third factor was the tracers, either 15NH4
þ, 15NO3

� or none.

Finally, the fourth factor was the time between tracer applica-

tion and sampling, 1 hour, 1 day, and 6 days. For practical

reasons and because of the amount of work involved, the

whole experiment could not be performed at a single time. It

was thus done in 10 batches. The first five batches corre-

sponded to the first replication of the experiment while the five

remaining batches corresponded to the second one. Within

each replication, the combination of soil layers, soil steriliza-

tion and tracers was assigned randomly (Figure 1).

Samples preparation and treatments

Soil samples were collected in the field from October 2004 to

March 2005, prepared on the sampling day and incubated the
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following morning. Small branches, fresh mosses and plant

remains, as well as roots, were removed from the litter and soil

samples. To homogenize the litter samples, we cut the leaves into

polygons of approximately 1 cm2 each. Aggregates larger than

5 mm in diameter were broken manually; roots from the

organo-mineral samples were removed and the soil was then

sieved at 5 mm. All experimental batches were incubated at

standardized moisture conditions after the addition of a tracer

and/or sterilization solution (gravimetric humidity relative to

the dry mass: litter, 2250 g kg�1; organic soil, 1500 g kg�1;

organo-mineral soil, 450 g kg�1). The field moisture of each

batch and layer was determined beforehand by drying a sub-

sample at 105°C overnight. Samples were generally too moist

compared with the target values (above). They were thus

slowly dried at 30–40°C for 4 to 6 hours, and if necessary

overnight at room temperature until the target moisture con-

tent was reached. Conversely, if the samples were too dry,

deionised water was added. Fresh samples equivalent to the

following dry masses were weighed and separately placed in

500 ml glass vials: 5–9 g for litter samples; 26–29 g for organic

samples; 95–120 g for organo-mineral samples. The amount of

material used varied according to the density of each soil layer

in order to reach a similar volume. The15N was added to the

soil samples either as 15NH4Cl or K
15NO3 dissolved in deion-

ised water (non-sterilized samples) or in a solution of mercuric

chloride (HgCl2, sterilized samples). Unlabelled samples were

treated with deionised water or with the solution of HgCl2. All

solutions were added with a syringe and samples were then

mixed to homogenize them. Tracers were added at a rate of

0.04 mg 15N g�1 of dry matter. The HgCl2 was added at

13.5 mg g�1 of dry matter in order to inhibit microbial metab-

olism. The HgCl2 concentration applied is similar to that used

by Fitzhugh et al. (2003), who demonstrated the efficiency of

the sterilization method and we didn’t test further the effi-

ciency of the sterilization either at the beginning or at the end

of the incubation.

Incubation

Immediately after adding the solutions, the vials were hermeti-

cally closed with a lid fitted with a septum so as to avoid Hg

volatilization, and 15N contamination of the samples by the

ambient air. The samples were then incubated in the dark at

room temperature (ranging between 19 and 23°C). On the

fourth day, we injected between 100 and 200 ml of ambient air

into the vials by means of a syringe inserted through the sep-

tum so as to prevent anaerobic conditions that could occur as

a result of microbial activity during several days.

Sample preparation after incubation

After 1 hour, 1 day and 6 days, one sample of each applied

treatment was processed as follows: 25 g of the organic and

organo-mineral samples were weighed into a bottle and

extracted immediately with 80 ml of a K2SO4 solution (5M).

These extracts were then kept in the freezer. The parts of the

soils that were not extracted were immediately frozen with liq-

uid nitrogen and kept in the freezer.

Figure 1 Experimental design. Eighteen possible combinations for

each replication, randomly assigned to five batches. Three sampling

times (1 hour, 1 day, 6 days) for each combination.
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The litter samples were immediately frozen without extraction.

All samples were then freeze-dried. The litter samples were

ground in a Retsch Ultra Centrifugal Mill ZM1 (0.5 mm)

(Retsch, Haan) and the organic and organo-mineral samples in

a RetschMortar Grinder RM 100. The lyophilised extracts were

ground by hand in a mortar. The soil and extract samples were

analysed for both their N concentration and 15N/14N ratios. For

the litter, only selected samples were analysed, including both
15NH4

þ and 15NO3
� labelled sterilized and non- sterilized sam-

ples. Isotopic analyses were conducted at the Paul Scherrer

Institute, Laboratory of Atmospheric Chemistry, (Villigen,

Switzerland) where samples were combusted in an elemental

analyser (EA 1108, Finnigan, Bremen) connected to an isotope

ratio mass spectrometer (DeltaS, Finnigan) to determine the
15N/14N ratio of the sample. Immobilized 15N was calculated as

total 15N in the sample minus extractable 15N.

NMR methods

The solid-state 15N NMR spectra were obtained with a Bruker

DMX 400 operating at 40.56 MHz (Lehrstuhl für Bodenkunde,

Technische Universität München, Germany), by means of

a Bruker double-bearing probe of 7-mm outer diameter, phase-

stabilized zirconium dioxide rotors. To increase the sensitivity,

the samples containing material from the organic and organo-

mineral layer were treated with hydrofluoric acid (10% w/w)

for 12 hours (Knicker et al., 1999). After centrifugation, the

supernatants were siphoned off and discarded. The procedure

was repeated five times at room temperature. The remaining

material was washed five times with deionised water and freeze-

dried. For the NMR measurements, the cross-polarization (CP)

magic-angle spinning (MAS) technique with a ramped 1H-pulse

was used during a contact time of 0.7 ms in order to circumvent

Hartmann Hahn mismatches (Peersen et al., 1993; Cook et al.,

1996). The pulse delay was 250 ms and line broadenings

between 100 and 200 Hz were applied. Between 5 and 30 � 105

scans were accumulated at a magic-angle spinning speed of

4.5 kHz. The chemical shift was standardized to the nitrometh-

ane scale (0 p.p.m.) and adjusted with 15N-labelled glycine

(�347.6 p.p.m.). Signal assignment was performed according to

Witanowski et al. (1993) and Knicker (2000). Due to the low

sensitivity of solid-state 15N NMR spectroscopy the number of

scans and thus the duration of the measurements were great.

Therefore, we limited this application to a selection of samples

that covered all soil layers (litter, organic soil and organo-mineral

soil), incubations (1 hour, 1 day and 6 days), tracers (15NH4
þ

and 15NO3
�) and sterilization (Hg-sterilized or not), but not

all interactions among these experimental factors. In addition,

due to the low signal-to-noise ratio, the 15N NMR spectra

were not quantified.

Calculations and statistical analyses

The recovered 15N in the soil as well as in the soil extracts was

calculated by multiplying the sample mass, its N concentration

and the isotopic excess (i.e. measured abundance minus natural

abundance of 15N). The recovered 15N was expressed as a rate

of the total added label (for details, see Providoli et al., 2005).

We calculated a general linear model with repeated measures (R

version 2.0.1, www.r-project.org) to test the concentrations of

total N and of extractable N as well as the rates of immobilized
15N for effects of sterilization (Hg-sterilized or non-sterilized

samples), of sampling time (1 hour, 1 day or 6 days, log-trans-

formed) and of the tracers (15NO3
�, 15NH4

þ). We also tested

the effects of interactions among these factors. When testing N

concentrations for effects of the tracers, we also included the

unlabelled samples. The residues of these statistical analyses

were tested for their possible deviation from normality.

Results

N dynamics during the incubation experiment

The concentrations of total N in the dry soil were generally

greater in the organic than in the organo-mineral layer (Fig-

ure 2). Some differences between 15NO3
�-labelled, 15NH4

þ-

labelled and unlabelled samples were noted after 1 hour of

incubation. These differences remained throughout the experi-

ment, showing time courses independent of the labelling.

Concentrations of extractable N were mostly constant in the

non-sterilized samples, whereas they increased in the Hg-steril-

ized ones (P < 0.001).

15N recovery rate

Over the incubationperiod, themean recovery rates of the added
15N were of 96.8% (standard error 1.3) in the litter, of 97.8%

(SE 1.0) in the organic soil and of 101.8% (SE 1.4) in the

organo-mineral soil. The recovery rates of immobilized 15N in

the soil samples are presented in Figure 3.

Both tracers reacted differently to sterilization (organic soil,

P ¼ 0.001; organo-mineral soil, P ¼ 0.01). In the organic soil,

after 1 hour of incubation, less than 40% of the applied
15NO3

� was immobilized. We observed similar rates after

1 day and a slight decrease during the 6 days. For the
15NH4

þapplication, values were much greater: in the organic

soil, 90% of 15N was immobilized during 1 hour of incuba-

tion. Immobilization rates then decreased to 80% during the

first day and remained stable over the 6 days. In the organo-

mineral soil, approximately 60% of 15NO3
� was recovered

after 1 hour and rates decreased to 40% after 6 days. Rates of

immobilized NH4
þ evolved from more than 95% to approxi-

mately 90% during 6 days.

In the non-sterilized organic and organo-mineral soil, differ-

ences between both tracers were small, although immobilization

of 15NH4
þ was greater than 15NO3

� throughout the incuba-

tion period. We observed in these soil layers an increase of the

recovered immobilized 15NH4
þ over the 6 days (from 50 to

80%), whereas values for 15NO3
� were rather constant (40%).

470 I. Morier et al.

# 2008 The Authors

Journal compilation # 2008 British Society of Soil Science, European Journal of Soil Science, 59, 467–475



Solid-state 15N-CPMAS NMR spectroscopy

The signal-to-noise ratio was small after 1 hour of incubation

despite the HF treatment and the number of scans (about three

million). In addition, it is important to keep in mind that part of

the peak intensity is due to the native 15 N, as shown on the

spectrum of unlabelled litter (Figure 4). The spectral quality

improved with increasing incubation time (Figure 4), showing

more distinctly, after 6 days of incubation, a largest peak in the

chemical shift region of �220 to �280 p.p.m., indicating an

increase of 15N in the amide-peptide N structure (�260 p.p.m.).

Figure 5 presents NMR spectra deriving from the sterilized

litter after 6 days of incubation with either 15NO3
� or 15NH4

þ.

Those spectra were dominated by the signal attributed to

amide N, but showed no major qualitative differences. Similar

results were obtained from the NMR analysis of Hg-sterilized

and non-sterilized samples in organo-mineral soil samples

labelled with 15NH4
þ and with 15NO3

� (Figure 6). The spectra

presented were obtained after 6 days of incubation. Most of

the detectable 15N-signals were again assigned to the amide-

peptide structure. No qualitative differences were observable

between the sterilized and the non-sterilized samples, either for

the 15NH4
þ or for the 15NO3

� – labelled samples. In all the

spectra, no signal was visible in the chemical shift region

assignable to 15NH4
þ (�358 p.p.m.) and 15NO3

� (25 to �25

p.p.m.). Unfortunately, due to the small signal-to-noise ratio

of the solid-state 15N NMR spectra, it was not possible to

quantify the chemical compounds, even the amides.

1 hour 1 day 6 days
0.00

0.05

0.10

0.15

0.20

0.05

0.10

0.15

0.20

1 hour 1 day 6 days

Incubation time
E

xt
ra

ct
ab

le
 N

 / 
m

g
 g

 D
M

-1

Hg-sterilised
O

L
-A

ca

15NO3
-

15NH4
+

control

unsterilised
A

ca

Figure 2 Total extractable N (mg/g of dry mat-

ter) in the organic (OL-Aca) and organo-mineral

(Aca) samples, Hg-sterilized and non-sterilized.

20

40

60

80

100

1 hour 1 day 6 days
0

20

40

60

80

100

1 hour 1 day 6 days

15NH4
+

15NO3
-

Hg-sterilised

Im
m

o
b

ili
ze

d
 15

N
 / 

%
 

Incubation time

O
L

-A
ca

unsterilised

A
ca

Figure 3 Recovery rates of immobilized 15N in

the organic (OL-Aca) and organo-mineral (Aca)

samples, Hg-sterilized and non-sterilized.

15N immobilization in soil 471

# 2008 The Authors

Journal compilation # 2008 British Society of Soil Science, European Journal of Soil Science, 59, 467–475



Discussion

The aims of our study were to improve our knowledge of the

processes and the chemical forms involved in the N immobiliza-

tion in the soil in the very short term and to assess the usefulness

and the limits of the NMR method in the study of these

processes.

Nitrogen immobilization in the soil: a process of biological

or abiotic origin?

For both 15NO3
� and 15NH4

þ, we confirmed that very fast N

immobilization processes are active within hours to days, as

described in previous studies (Hart et al., 1993; Berntson &

Aber, 2000; Johnson et al., 2000; Zogg et al., 2000; Dail et al.,

2001; Perakis & Hedin, 2001; Morier, 2006; Providoli et al.,

2006). However, the relative importance of immobilization

and its dynamics are different for both tracers.

In the case of 15NO3
� addition and during the first hour of

incubation, Hg-sterilized organic soils immobilized one-third

of the added tracer and more than half was immobilized in the

organo-mineral soils. The 1-hour 15NO3
� immobilization

could be an artefact from soil sterilization. In agreement with

Fitzhugh et al. (2003), we tentatively explain our results by the

fact that during the first hour, sterilization is not totally effec-

tive and the surviving micro-organisms therefore continued to

assimilate 15N. This hypothesis is confirmed by the early pres-

ence of biosynthesized components of the amide-peptide type

(identified through NMR spectroscopy) in all sterilized soils.

In the sterilized organic soil, we measured net 15NO3
� immo-

bilization of approximately 15% between 1 hour and 6 days.

But the gross 15N immobilization is certainly greater. Extract-

able total N increased with time in the sterilized samples, due

to the release of labile N compounds following the death and

the lysis of the microbial cells. This means that 15N immobi-

lized by micro-organisms still alive during the first hour, has

also been partly released in the extractable 15N pool. This phe-

nomenon is even more evident in the organo-mineral soils:

over the 6 days, we observed an increase of the total extract-

able N and of 15NO3
�, corresponding to tracer release. Six

days of 15NO3
� immobilization in the sterilized soils leads us

to propose that an abiotic process of less importance could be

effective during this period. Abiotic fixation of 15NO3
� by the
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Figure 4 15N CPMAS NMR spectra of: (a) litter unlabelled (OL

layer) non-sterilized sample, after 1 hour of incubation, (b1) organic

soil (OL-Aca layer) non-sterilized samples, labelled with 15NO3
�,

after 1 hour of incubation, (b2) organic soil (OL-Aca layer) non-ster-
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1 day of incubation, (c2) litter (OL layer) non-sterilized samples,
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peaks are normalized to the same height, the signal-to-noise ratio is

small after 1 hour and 1 day and the amide peak is at approximately

�260 p.p.m.
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soil organic matter was already suggested by several studies

(Berntson & Aber, 2000; Zogg et al., 2000; Perakis & Hedin,

2001; Fitzhugh et al., 2003). The processes involved remain

poorly understood. Fitzhugh et al. (2003), together with

Davidson et al. (2003), propose a reduction of NO3
� to NO2

�;

this reduction could be driven by iron (Fe) oxidation, or nitri-

fication. The NO2
� in turn would react with soil organic mat-

ter. In the frame of our study, the 15N CPMAS spectroscopy

did not allow us to identify the nature of those compounds of

abiotic origin, because the proteinaceous molecules produced

by the biotic processes dominated the NMR signal. But this

does not exclude their presence in smaller, undetectable con-

centrations, especially considering the considerable back-

ground noise of our spectra.

In the case of 15NH4
þ, the immobilization rates in the non-

sterilized soils are high after 1 hour (50%) and reach 80%

after 6 days. The higher immobilization rates of 15NH4
þ (com-

pared with 15NO3
�) are not a surprise because NH4

þ is the

preferential form immobilized by micro-organisms. In the

Hg-sterilized soils labelled with 15NH4
þ, we observed very

considerable 15N immobilization during the first hour (90%)

compared with the non-sterilized ones. This ratio remained

very large after 6 days. It is a very surprising result and it

suggests that a chemical process involving NH4
þ and Hg
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bated for 6 days, (a2) sterilized, labelled with 15NO3
� and incubated

for 6 days, (b1) non-sterilized, labelled with 15NH4
þ and incubated

for 6 days, (b2) sterilized, labelled with 15NH4
þ and incubated for

6 days. Note that (i) the amide peaks are normalized to the same

height and (ii) the amide peak is at approximately �260 p.p.m.
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Figure 5 15N CPMAS NMR spectra of litter (OL layer) sterilized

samples, (a) labelled with 15NO3
�, and incubated for 6 days, (b)

labelled with 15NH4
þ and incubated for 6 days. Note that, (i) the

amide peaks are normalized to the same height and (ii) the amide

peak is at approximately �260 p.p.m.
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happened right from the start of the incubation; NH4
þ and Hg

are both cations and a third negatively charged molecule is

thus involved. So far, we were able to identify neither the

chemical pathway involved nor the resulting chemical forms.

However, no specific peak was observable on the correspond-

ing NMR spectra and, consequently, it is probable that this

process implies H-bonds or other non-covalent bonds that are

not detectable by 15N NMR spectroscopy. Further experi-

ments on simplified systems (e.g. pure clay minerals or organic

fractions) will be necessary to understand this process.

Role and limits of the NMR method in the study of 15N

retention in soil

The NMR spectra obtained in the frame of this study are char-

acterized by the absence of a signal in the chemical shift assign-

able to 15NH4
þ or 15NO3

�. We have to bear in mind that the

cross-polarization and relaxation kinetics of inorganic 15N do

not allow their quantitative determination with the acquisition

parameters that were used to optimize the detection of organic

N forms (Knicker & Lüdemann, 1995; Knicker 2000). For this

reason, it is interesting to couple 15N mass spectrometry meas-

urements on soil extracts with NMR spectroscopy.

All NMR spectra are dominated by a single signal correspond-

ing to an amide-peptide structure and consequently to biosynthe-

sized molecules. This dominance of amide-peptide signals has

been already observed in previous 15N NMR experiments in

various soils of the world and in humic substances, not only in
15N-enriched material but also in samples with natural 15N lev-

els. Knicker et al. (1993) showed that, in various types of soil in

Germany, the main signals found for natural 15N corresponded

to amide and peptide forms. The same patterns were observed

in a subtropical Acrisol (Diekow et al., 2005) and in tussock

grassland soils in New Zealand (Knicker et al., 2000). In a 14-

month laboratory incubation of mineral soil amended with 15N

-clover, DiCosty et al. (2003) observed that 85–90% of the clo-

ver-derived N remained in the amide form. In a study focused

on the processes occurring during the incorporation of inor-

ganic nitrogen into humic substances, Knicker et al. (1997)

found that, over 600 days of plant residue incubation with
15NH4

þ, the major part of the detectable 15N-signals was

assigned to amide-peptide structures. In several 15N NMR

experiments, it was estimated that approximately 80 to 90% of

soil 15N was found in the amide form (Knicker et al., 1993,

1997; Clinton et al., 1995). The same researchers proposed that

the remaining N was immobilized in the form of amino acids,

amino sugars, or the amino groups of nucleic acids.

In the frame of this study on 15N immobilization in sterilized

soil, the predominance of an amide-peptide structure confirms

our interpretation that the sterilization was not complete at

the beginning of the experiment and part of the micro-

organisms were still active.

The NMR spectra do not allow exclusion of the possibility of

abiotic 15N immobilization. However, our data show that the

abiotic pathway is not dominant. Our results agree with for-

mer studies in which the existence of 15N immobilized in

hetero-cyclic compounds could not be excluded either, but

accounted for only a few per cent (Zhuo & Wen, 1992;

Knicker et al., 1997).

Conclusions

1 To our knowledge, this is the first attempt to apply 15N

labelling CPMAS NMR and soil sterilization to the very

short-term to short-term dynamics of N in soil. The aim of

combining these methods was to allow a better characteriza-

tion of the N immobilization process in the soil, its temporal

dynamics and the role of microbial activity in those processes.

2 We observed that the immobilization processes take place

very rapidly.

3 We assume that 15N immobilization results mainly from

biotic processes that are dominant in the short-term. However,

abiotic immobilization of less importance is not excluded for
15N immobilization.

4 We cannot reject the formation of heterocyclic compounds,

but assume that their contribution is very small within this

time frame.

5 Our results also show it is necessary to improve all the meth-

ods used: (i) the identification and quantification of the N

components by 15N CPMAS spectroscopy, (ii) the chemical

characterization of the non-extractable fraction, and (iii) the

effectiveness of sterilization methods. Clearly each of these

methods deserves more attention, and (iv) it would be useful

to combine the study of natural soils with that of simpler sys-

tems (e.g. organic fractions, single species’ litter, single mineral

fractions) that can be understood more easily.
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