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The oxygen isotope composition of nitrate generated by nitrification in acid forest floors
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Abstract—The oxygen isotope composition of nitrate is used increasingly for identifying the origin of nitrate
in terrestrial and aquatic ecosystems. This novel isotope tracer technique is based on the fact that nitrate in
atmospheric deposition, in fertilizers, and nitrate generated by nitrification in soils appear to have distinct
oxygen isotope ratios. While the typical ranges ofd18O values of nitrate in atmospheric deposition and
fertilizers are comparatively well known, few experimental data exist for the oxygen isotope composition of
nitrate generated by nitrification in soils. The objective of this study was to determined18O values of nitrate
formed by microbial nitrification in acid forest floors.

Evidence from laboratory incubation experiments and field studies suggests that during microbial nitrifi-
cation in acid forest floor horizons, up to two of the three oxygen atoms in newly formed nitrate are derived
from water, particularly if ammonium is abundant and nitrification rates are high. It was, however, also
observed that in ammonium-limited systems with low nitrification rates, significantly less than two thirds of
the oxygen in newly formed nitrate can be derived from water oxygen, presumably as a result of heterotrophic
nitrification. It can be concluded from the presented data that thed18O values of nitrate formed by microbial
nitrification in acid forest floors typically range between12 and114‰, assuming that soil waterd18O values
vary between215 and25‰. Hence, oxygen isotope ratios of nitrate formed by nitrification in forest floors
are usually distinct from those of other nitrate sources such as atmospheric deposition and synthetic fertilizers
and, therefore, constitute a valuable qualitative tracer for distinguishing among these sources of nitrate. A
quantitative source apportionment appears, however, difficult because of the wide range ofd18O values,
particularly for atmospheric nitrate deposition and for nitrate from microbial nitrification.Copyright © 2001
Elsevier Science Ltd

1. INTRODUCTION

Human activity has greatly altered nitrogen cycling in ter-
restrial and aquatic ecosystems (e.g., Kinzing and Socolow,
1994; Schlesinger, 1997; Vitousek et al., 1997). Increased use
of nitrogen-containing organic and inorganic fertilizers (Smil,
1999) and elevated atmospheric nitrogen deposition in many
regions, particularly in the northern hemisphere (Benkovitz et
al., 1996), have caused increasing nitrate fluxes in soil solu-
tions, groundwater, and surface waters (e.g., Turner and Ra-
balais, 1991). This affects not only groundwater quality, but
can also lead to eutrophication of freshwater, estuaries, and
shelf seas.

Identifying sources of nitrate in the environment is important
to elucidate the causes of increased nitrate fluxes in aquatic
ecosystems. Isotopic techniques have been utilized successfully
for this purpose for more than three decades (e.g., Hu¨bner,
1986), initially focusing exclusively on nitrogen isotope ratios.
However, interpretation of nitrogen isotope ratios has not al-
ways led to unequivocal results, since many sources of nitrate
have wide and overlapping ranges ofd15N values (e.g., Gormly
and Spalding, 1979; Kreitler, 1979). Furthermore, isotopic frac-

tionation effects during nitrogen transformation processes, such
as nitrification, ammonia volatilization, and denitrification
(Delwiche and Steyn, 1970), further complicate the interpreta-
tion of d15N values of nitrate in soil solutions, groundwater,
and surface water.

Recently, techniques have been developed to analyze the
oxygen isotope ratio of nitrate (e.g., Amberger and Schmidt,
1987; Revesz et al., 1997; Silva et al., 2000; Bra¨uer and
Strauch, 2000) and this tool is used increasingly for describing
nitrogen cycling in terrestrial and aquatic ecosystems (e.g.,
Durka et al., 1994; Wassenaar, 1995; Aravena and Robertson,
1998; Cey et al., 1999; Mengis et al., 1999). It has been
demonstrated that fertilizer nitrate has remarkably constant
d18O values of122 6 3‰ (Amberger and Schmidt, 1987;
Voerkelius, 1990; Wassenaar, 1995). Atmospheric nitrate is
usually characterized byd18O values between125 and175‰
(Durka et al., 1994; Kendall, 1998). In soils, nitrogen occurs
predominantly in organic binding form as a result of immobi-
lization of ammonium (NH4

1) and nitrate (NO3
2) or N2 fixation.

The process by which organic nitrogen compounds are recon-
verted to nitrate is usually termed mineralization and consists
of ammonification (Norg 3 NH4

1) and nitrification (NH4
1 3

NO3
2). During the latter process, three oxygen atoms are intro-

duced into the newly formed nitrate molecule. Laboratory
culture experiments withNitrosomonasandNitrobacter agilis,
conducted under neutral pH conditions, showed that during
chemolithoautotrophic nitrification two oxygen atoms of the
newly formed nitrate are derived from water oxygen (Aleem et
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al., 1965; Anderson and Hooper, 1983; Hollocher, 1984; Yo-
shinari and Wahlen, 1985), with the third oxygen atom incor-
porated from atmospheric O2. Atmospheric O2 has ad18O
value of1 23.5‰ (Kroopnick and Craig, 1972; Horibe et al.,
1973). Thed18O value of soil seepage water can vary from,
220‰ to . 15‰, depending on location and environmental
conditions (Gat, 1996). Based on the assumption that two
oxygen atoms in the nitrate molecule are derived from water
and one from atmospheric O2, and assuming no isotope frac-
tionation during incorporation of oxygen into the newly formed
nitrate molecule, Amberger and Schmidt (1987), Voerkelius
(1990), and Durka et al. (1994) hypothesized that nitrate
formed by nitrification in soils should haved18O values be-
tween22 and16‰. If confirmed, nitrate generated by nitri-
fication in soils would have distinct oxygen isotope ratios,
markedly different from those of nitrate in atmospheric depo-
sition and in nitrate-containing fertilizers.

It is noteworthy that few experimental data have been pub-
lished for the oxygen isotope composition of nitrate derived
from microbial nitrification in water-unsaturated soils (Am-
berger, 1987; Voerkelius, 1990; Kendall, 1998). This is partic-
ularly true for acid forest soils, where pH values are com-
monly ,4 and thus markedly different from those of most
laboratory experiments (e.g., Focht and Verstraete, 1977; Hol-
locher, 1984). Also, there is evidence that chemolithoautotro-
phic nitrification is not the only nitrification pathway in acid
forest soils (Killham, 1986; Gundersen and Rasmussen, 1990;
Frank, 1996; Pedersen et al., 1999; Simek, 2000). Thus, it is not
clear whether the above-described theoretical assumptions for
calculating typicald18O values of nitrate derived from nitrifi-
cation are applicable to the formation of nitrate in acid forest
soils. The few previous experimental attempts to determine the
oxygen isotope composition of nitrate derived from microbial
nitrification in water-unsaturated soils yielded quite contrasting
results. Soil incubation experiments conducted by Amberger
(1987) indicated that nitrate produced by nitrification should
have negatived18O values, whereas Voerkelius (1990) reported
d18O values of 06 2‰ for nitrification nitrate generated in soil
column experiments. More recent soil incubation studies
yieldedd18Onitratevalues of between114 and117‰ (Kendall,
1998; Burns and Kendall, in review).

The objective of this study was to experimentally determine
the oxygen isotope composition of nitrate that was produced
exclusively by nitrification in two acid forest floors. This ob-
jective was met by analyzing thed18O values of nitrate in
percolation water from a laboratory incubation experiment us-
ing O horizons from two different forest sites in northwestern
Germany. Laboratory results were then compared with isotopic

compositions of nitrate in forest floor solutions from these two
field sites.

2. MATERIALS AND METHODS

2.1. Field Studies

Field investigations were conducted in east-central North-
Rhine Westphalia, Germany (51°449 N, 7°499 E) at two adja-
cent forest sites. One site is stocked with beech (Fagus syl-
vatica) and oak (Quercus robur), the second site with Norway
spruce (Picea abies). Soils have developed in a thin layer of
sandy loess overlaying glacial till, which covers Upper Creta-
ceous limestone. Both the compact till and the argillaceous
limestone act as a water-restrictive layer causing perched water
tables in the lower mineral soil. According to FAO (1990), both
soils can be classified as Gleyic Cambisols. The organic topsoil
horizon at the deciduous site is classified as mor, at the conif-
erous site as raw humus. The raw humus had a higher C content
and a wider C : N ratio than the mor (Table 1). Both forest
floors were acidic with pH values ranging between 3.2 and 3.3.

Throughfall and forest floor solutions were collected weekly
from April 1994 to March 1997. Throughfall was collected
using 16 cm diameter polyethylene (PE) funnels, which were
installed 1 m above the forest floor in five replicates per site.
They were connected with PE tubes to 2.5 L glass bottles acting
as storage containers placed in the soils. The funnels were
covered with PE screens to minimize contamination. The forest
floor solutions were obtained by stainless steel zero-tension
lysimeters installed underneath the O horizons at both sites.
Forest floor solutions were sampled from three lysimeters per
site.

2.2. Laboratory Experiment

Forest floor for the laboratory experiment was sampled at
both sites in November 1996. O horizon material (Of and Oh)
was collected from 10, 153 15 cm plots. After roots and
branches were removed, the O horizons were manually mixed
and homogenized. An aliquot was ground and oven dried at
30°C for subsequent chemical and isotope analyses.

The laboratory incubation experiment was performed ac-
cording to Stanford and Smith (1972). The field-moist O hori-
zon material was placed in five replicates per soil type into
1000 mL Nalgene percolation containers. The tops of the
containers were covered with glass wool to prevent evaporation
and ensure regular distribution of the percolation water, but to
maintain free exchange with atmospheric O2. On the first day of
the experiment, the containers with raw humus were percolated

Table 1. Some chemical and isotopic properties of the O horizon material (Of and Oh) from the investigated Gleyic Cambisols.

Stand
Forest
Floor

Thickness
[cm]

pHa TOCb

[g kg21]
N

[g kg21]
C/N d15Ntotal

[‰]

Deciduous
(beech/oak)

Mor 5 3.3 238 10 24 24.8

Coniferous
(spruce)

Raw humus 5 3.2 325 10 32 22.1

a 0.01 M CaCl2.
b TOC (total organic carbon).
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with 350 mL and those with mor were irrigated with 250 mL of
deionized water to exchange the initial soil water and to adjust
the water content to;50% of water holding capacity. The
percolation containers were subsequently stored in darkness at
15°C. Over a period of 4 months, the containers were irrigated
weekly with 750 mL deionized water. Percolation water was
removed by applying a moderate vacuum for 1 h after each of
the 16 irrigation events. The solutions were membrane filtered
with prewashed 0.45mm cellulose acetate filters and subse-
quently used for chemical and isotope analyses.

Disturbed, mixed, and homogenized O horizon material, but
no mineral soils, were used for the laboratory incubation ex-
periments to avoid or minimize the establishment of anoxic
microsites. High water contents in the incubated O horizons
were limited to periods of,1 h after each irrigation event. For
similar experimental conditions, Koopmans et al. (1995) dem-
onstrated that denitrification was negligible. In our experiment,
denitrification rates were not measured but are believed to have
been minimal, since the isotopic composition of nitrate in the
percolation water of our experiments provided no evidence for
denitrification, that is, simultaneously increasingd15Nnitrateand
d18Onitrate values.

For both forest floors, each of the five replicates was irrigated
with deionized water with a markedly differentd18O value:
28.3‰ (treatment 1),11.9‰ (treatment 2),110.6‰ (treat-
ment 3),128.1‰ (treatment 4), and159.3‰ (treatment 5).
The irrigation water was produced by mixing double-deionized
water with different quantities of18O enriched water, i.e., 2%
H2

18O (Enritech Enrichment Technologies LTD).

2.3. Chemical Measurements

2.3.1. Forest floor

Total organic carbon was determined by dry combustion of
the O horizon material at 1200°C. The evolved CO2 was
absorbed in an alkaline solution and detected by coulometry
(TR 3600 Deltronik). Total nitrogen was measured by the
Kjeldahl technique. pH values were determined potentiometri-
cally in 0.01 M CaCl2 solution (10 mL forest floor, 25 mL
solution).

2.3.2. Throughfall, forest floor solutions, and percolation
solutions

Nitrate and chloride concentrations were measured by ion
chromatography (Dionex D500) using electrical conductivity
(Ion Pac AS 12 A, precision61%). Ammonium was analyzed
spectrophotometrically (UV/VIS Spectrometer Lambda 2, Per-
kin Elmer) as indophenole blue at 665 nm (DEV, 1983; preci-
sion 62%).

2.4. Isotope Measurements

d15N and d18O values of nitrate were determined using a
modified version of the method described by Silva et al. (2000).
Water samples from the laboratory incubation experiment
(400–800 mL, 3–50 mg NO3

2 L21) and from the field study
(30–3000 mL, 1–160 mg NO3

2 L21) were passed through a
cation exchange resin (2 mL of 50W-X4, H1-form, Bio-Rad) at
a rate of 5 mL min21. Subsequently, the acidified solutions

were passed through 2 mL of XAD-7 resin (Fluka) to remove
the high molecular dissolved organic carbon (DOC) fraction,
since oxygen in DOC potentially compromises oxygen isotope
ratio determinations on AgNO3. Finally the solutions were
passed through an anion exchange resin (2 mL AG 1-X8-resin,
Cl2-form, Bio-Rad), which quantitatively retained dissolved
nitrate, sulfate, and potentially, phosphate. Subsequently, the
ion exchange resins were rinsed with 20 mL deionized water.
Anion exchange resins containing nitrate were stored at 5°C in
darkness until further processing.

Nitrate, sulfate, and phosphate were eluted from the anion
exchange resins into a 60 mL beaker by percolating 15 mL 3M
HCl through the columns. Two mL of 0.2M BaCl2 solution
were added to the HCl eluate to precipitate sulfate as BaSO4

and phosphate as Ba3(PO4)2. After 24 h, BaSO4 and Ba3(PO4)2
were removed by filtration (0.45mm membrane filter). To
remove excess Ba21 from the remaining solution, the sample
was passed again through a cation exchange resin (2 mL
50W-X4 resin, H1-form, Bio-Rad). The remaining solution
containing HNO3 and HCl was neutralized with approximately
7.5 g pure Ag2O (Merck). The resulting AgCl precipitate was
removed by filtration (0.45mm membrane filter) leaving only
Ag1 and NO3

2 in solution (Eqn. 1). The solutions were freeze-
dried yielding a pure, dry AgNO3 precipitate.

Ag2O 1 HNO3 1 HCl3 Ag1 1 NO3
2 1 H2O 1 AgCl2

(1)

For oxygen isotope analyses on nitrate, 10 mg AgNO3 was
mixed with 2 mg pure graphite powder (Fluka). This mixture
was placed in a 9 mmquartz tube, which was evacuated and
flame sealed. The mixture was thermally decomposed at 860°C
for 3 h, followed by slow cooling to ensure complete conver-
sion of the nitrate-oxygen to CO2 as described in Eqn. 2:

2AgNO3 1 3C3 2Ag 1 N2 1 3CO2 (2)

The resulting CO2 gas was cryogenically separated and ana-
lyzed mass spectrometrically on a Finnigan MAT delta S.
Accuracy and precision of the measurements was assured by
repeated analyses of international reference materials (IAEA-
NO-3, KNO3, d18O 5 123.5 6 0.7‰, n 5 24) and two
laboratory internal nitrate standards (KNO3 from Riedel-de-
Haen,d18O 5 121.56 0.5‰,n 5 31; AgNO3 from Degussa,
d18O 5 114.46 0.5‰,n 5 16). Additionally, both potassium
nitrate standards were repeatedly dissolved in deionized water
and the NO3

2 was subsequently converted to AgNO3 as de-
scribed above. Oxygen isotope ratios determined on AgNO3

were124.16 0.9‰ (n 5 12) for IAEA-NO-3, and121.86
1.0‰ (n 5 12) for the Riedel-de-Haen standard, identical to
those obtained for the original standard material within the
analytical reproducibility of61.0‰ for d18Onitrate determina-
tions, including nitrate separation, gas preparation, and mass
spectrometric measurements. The oxygen isotope ratios ob-
tained for IAEA-NO-3 were also within the range of previously
reportedd18O values (between122.7 and125.3‰) for this
reference material (Revesz et al., 1997; Kornexl et al., 1999;
Bräuer and Strauch, 2000).

Nitrogen isotope ratios and total nitrogen contents of AgNO3

precipitates and soil samples were determined by thermal de-
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composition in an elemental analyzer (CE 1110) and subse-
quent isotope ratio mass spectrometry in continuous-flow mode
using a Finnigan MAT delta C. Nitrogen contents of the
AgNO3 samples were typically;8%, indicating that no major
contaminants were present in the precipitate.d15N values for all
samples were normalized against internationally accepted ref-
erence materials (IAEA N1,d15N 5 10.436 0.07‰,n 5 48;
IAEA N2, d15N 5 120.416 0.12‰,n 5 36). The nitrogen
isotope ratios of AgNO3 generated from dissolved IAEA-NO-3
potassium nitrate were within14.34‰ 6 0.29‰ (n 5 12)
similar to the accepted value. Duplicate nitrogen isotope ratio
determinations on AgNO3 from field and laboratory nitrate
samples were performed with a precision generally better
than6 0.3‰.

Isotopic analyses ofd18O values from water were conducted
using standard equilibration techniques (Epstein and Mayeda,
1953).

All stable isotope ratios are expressed in the usual delta per
mil (‰) notation relative to the respective international stan-
dards:

dsample(‰) 5 [(Rsample2 Rstandard)/Rstandard] * 1000 (3)

where R is the15N/14N or 18O/16O ratio of the sample and

standard, respectively.d15N values are reported with respect to
AIR, and d18O values with respect to Standard Mean Ocean
Water (V-SMOW).

3. RESULTS

3.1. Laboratory Experiment

3.1.1. Nitrogen mineralization

During the 16 weeks of the experiment, there was a contin-
uous release of nitrate from the incubated O horizons (Figs.
1a,b). After the first percolation of the mor, an average of 246
1 mg NO3-N g21 (n 5 5) was detected in the seepage water.
After each subsequent percolation, NO3-N concentrations re-
mained almost constant throughout the 16 weeks of the exper-
iment, resulting in a cumulative net-release of 3616 33 mg
NO3-N g21. For the raw humus, an average of 306 1 mg
NO3-N g21 (n 5 5) was detected in the initial percolation
water. Thereafter, mean nitrate concentrations in the weekly
percolates were generally,13 mg NO3-N g21, resulting in an
average cumulative net-release of 1696 13 mg NO3-N g21.
Nitrification rates can be assessed from the slopes of the curves
in Figure 1a,b, assuming minimal denitrification. Nitrification

Fig. 1. Cumulative nitrate (a,b) and ammonium (c,d) concentrations (expressed in microgram N per gram dry soil) in
percolates from the laboratory incubation experiment with the mor and raw humus. Note that the y-axes for nitrate and
ammonium plots have different scales. Treatment 15 solid circle; treatment 25 open triangle; treatment 35 solid
diamond; treatment 45 open circle; treatment 55 solid triangle.
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rates were on average 23mg NO3-N g21 week21 (weeks 3–16)
in the experiment with the mor. In the experiment with the raw
humus, nitrification rates were initially 12mg NO3-N g21

week21 (weeks 3–6). They decreased to 10mg NO3-N g21

week21 (weeks 7–10), and finally to 7mg NO3-N g21 week21

(weeks 11–16) throughout the experiment.
Significant differences in ammonium concentrations were

observed for the percolation solutions from the incubated O
horizons (Fig. 1c,d). After the first percolation, an average of
6 6 2 mg NH4-N g21 (n 5 10) had accumulated in the seepage
water of the experiments with both forest floors. Subsequently,
a constant net ammonium release with a rate of approximately
6 mg NH4-N g21 week21 was observed for the mor. In contrast,
,1 mg NH4-N g21 had accumulated in the weekly percolates
of the experiment with the raw humus. This resulted in cumu-
lative net ammonium releases of 956 17 mg NH4-N g21 (n 5
5) from the mor, and 146 1 mg NH4-N g21 (n 5 4) from the
raw humus, respectively.

3.1.2. Isotope ratios of total nitrogen in soil

The d15N values of total nitrogen in the O horizons after
percolation were within24.86 0.3‰ (n 5 5) for the mor and

22.1 6 0.3‰ (n 5 5) for the raw humus, identical to the
d15Ntotal values of the soils at the beginning of the incubation
experiment (Table 1). This is not surprising, since only 3.6%
(mor) and 1.7% (raw humus) of the total soil nitrogen were
released as ammonium or nitrate during the incubation exper-
iments.

3.1.3. Nitrogen isotope ratios of nitrate

d15N values of nitrate in the percolation water for both
experimental variants with five treatments are shown in Figure
2a (mor) and Figure 2b (raw humus). In the first percolates
from the mor, the meand15N value of nitrate was221.3 6
1.0‰ (n 5 5). Within the following six weeks, the mean
d15Nnitratevalue increased to214.76 0.7‰. At the end of the
experiment, mostd15Nnitrate values increased further to
211.86 1.5‰, with the exception of those in treatment 1. For
the raw humus experiment, the meand15N value of nitrate in
the initial percolates was210.5 6 1.0‰. d15Nnitrate reached
minimum values of approximately213‰ after 4 weeks. Sub-
sequently, the nitrogen isotope ratios increased constantly and
approached a meand15N value of28.1 6 1.0‰ at the end of
the experiment.

Fig. 2. d15N values of nitrate in the percolation water from the laboratory incubation experiments with the mor (a) and
the raw humus (b). Also shown is the difference between thed15N values of total nitrogen in the incubated O horizons and
those of nitrate in the percolates (expressed asDd15N values) vs. the respective nitrate concentrations for the mor (c) and
raw humus (d) experiments. Treatment 15 solid circle; treatment 25 open triangle; treatment 35 solid diamond;
treatment 45 open circle; treatment 55 solid triangle.
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The difference between thed15N values of total nitrogen in
the incubated O horizons (Table 1) and those of nitrate in the
percolates (Figs. 2a,b) is plotted asDd15N values vs. the re-
spective nitrate concentrations in Figures 2c (mor) and 2d (raw
humus). For the experiment with the mor, an averageDd15N
value of 11.16 2.9‰ (n 5 80) was observed. There was no
significant correlation betweenDd15N values and nitrate con-
centrations in the percolates (r 5 0.20; n 5 79). For the
experiment with the raw humus, the highestDd15N values (e.g.,
9.86 0.7‰, week 4,n 5 5) were observed in the first 4 weeks
of the experiment. Subsequently,Dd15N values decreased to
6.2 6 0.7‰ (week 16,n 5 4). In contrast to the mor experi-
ment, a significant linear relation (r 5 0.61; n 5 72; p ,
0.0001) was observed betweenDd15N values and nitrate con-
centrations in the percolates, with decreasing nitrate concentra-
tions corresponding to lowerDd15N values (Fig. 2d).

3.1.4. Oxygen isotope ratios of water

For the first percolates,d18Owater values indicated that the
percolation solutions consisted of a mixture of irrigation water
and original soil water. After the second week of the experi-
ment, thed18O values of the percolation water were, for both
experimental variants (mor and raw humus) and the five re-
spective treatments, identical to those of the irrigation solutions
(, 61.0‰ deviation), indicating that the replacement of the
original soil water by the irrigation solutions was complete.
Consequently, only data obtained for percolates of weeks three

through 16 were used for the interpretation of results from the
soil incubation experiments.

3.1.5. Oxygen isotope ratios of nitrate

In the first percolates, the meand18O values of nitrate were
with 117 6 2‰ (n 5 5) for the mor and116 6 2‰ (n 5 5)
for the raw humus, almost identical for the two experimental
variants and five respective treatments (Fig. 3a,b). After the
second percolation,d18Onitrate values started to differ signifi-
cantly, depending on the oxygen isotope ratios of the irrigation
water. The lowestd18Onitrate values (15 to 115‰) were gen-
erally observed for nitrate formed in O horizons irrigated with
treatment 1 (d18Owater5 28.0‰). The irrigation solution with
the highestd18Owater value (159.3‰) caused the highest
d18Onitrate values in the newly formed nitrate (134 to 152‰)
in both experimental variants.

In the experimental variants with the mor (Fig. 3a), after 4
weeks the oxygen isotope ratios of nitrate reached values of
18‰ (treatment 1),112‰ (treatment 2),117‰ (treatment 3),
128‰ (treatment 4), and145‰ (treatment 5), respectively.
Thereafter, thed18O values of the newly formed nitrate re-
mained essentially constant. In the experimental variants with
the raw humus (Fig. 3b),d18Onitratevalues of19‰ (treatment
1), 113‰ (treatment 2),122‰ (treatment 3),127‰ (treat-
ment 4), and145‰ (treatment 5) were observed after 4 weeks.
In the following 12 weeks of the experiment, thed18Onitrate

Fig. 3. d18O values of nitrate in the percolation water from the five respective treatments of the laboratory incubation
experiments with the mor (a) and the raw humus (b).
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values increased slightly in treatments 1 (D 5 14‰) and 2
(D 5 14‰), remained almost constant in treatment 3 (D 5
22‰), and decreased markedly in treatments 4 (D 5 25‰)
and 5 (D 5 211‰).

3.2. Field Study

3.2.1. Chemical analyses

Concentration data for ammonium and nitrate in throughfall
and forest floor solutions collected at a deciduous and a conif-
erous stand in North-Rhine Westphalia (Germany) are summa-
rized in Table 2. A moderate increase in mean ammonium
concentrations was observed in the forest floor solutions com-
pared to throughfall at both sites. At the deciduous forest stand,
nitrate concentrations in the forest floor solutions were by a
factor of 27 higher than in throughfall. At the coniferous site,
they were 10 times higher than in the throughfall. The NO3

2-N :
Cl2 ratios increased from 0.3 in throughfall to 4.8 in the forest
floor solutions at the deciduous stand, and from 0.7 (through-
fall) to 2.8 (forest floor solutions) at the coniferous site. In
contrast, NH4

1-N : Cl2 ratios decreased significantly between
throughfall and soil solutions at both sites (Table 2).

3.2.2. Isotope analyses

Weekly composite throughfall samples for isotope analyses
were obtained between January 1996 and June 1997. Forest
floor solutions for isotope analyses were sampled in April and
May 1997. The meand18O value of throughfall water was
28.3‰ (deciduous) and28.1‰ (coniferous) at the two respec-
tive field sites in the 18-month observation period (Table 2).
The meand18Owatervalues of the forest floor solutions in April
and May 1997 were25.6‰ at the deciduous site and24.7‰
at the coniferous site. Thesed18O values did not deviate con-
siderably from those of throughfall in this time period (Gru¨ter,
1997), and thus provide no evidence for significant evaporitic
enrichment of the oxygen isotope ratios of the forest floor
solutions.

The isotopic composition of nitrate in throughfall and forest
floor solutions at both field sites is summarized in Table 2.
Mean d15N values of nitrate in forest floor solutions were
210.36 1.7‰ (n 5 6) at the deciduous site and211.3‰ (n 5
2) at the coniferous site. These nitrogen isotope ratios of soil
solution nitrate were;16‰ (deciduous) and;14‰ (conifer-
ous) lower than those of throughfall nitrate (Table 2), and were
also;6‰ (deciduous) and;9‰ (coniferous) lower than the

d15N values of total nitrogen in the respective forest floors
(Table 1). Meand18O values of nitrate in throughfall of
139.5 6 9.8‰ (n 5 18) and136.1 6 9.8‰ (n 5 20) were
observed at the deciduous and coniferous forest stands, respec-
tively (Table 2). The oxygen isotope ratios of nitrate in the
forest floor solutions at the deciduous site varied between17.8
and 112.0‰ (n 5 6) and were on average 29‰ lower than
those of throughfall nitrate. At the coniferous site,d18Onitrate

values in forest floor solutions were within118.2 and127.7‰
markedly higher than those at the deciduous site. The mean
d18O value of nitrate in forest floor solutions at the coniferous
site was 13‰ lower than that of throughfall nitrate.

4. DISCUSSION

The majority of the total nitrogen in soils is bound organi-
cally, predominantly in topsoil horizons. Since the O horizons
(Of and Oh) used in the laboratory experiment contained ni-
trogen almost exclusively in organic binding form, the nitrate in
the percolation water must have been generated by the process
of microbial nitrification.

Chemolithoautotrophic nitrification is a microbially medi-
ated multi-step oxidation of ammonium to nitrite and nitrate.
This process is carried out by chemolithoautotrophic organisms
via an inorganic pathway, in which ammonium is used as an
energy source for bacteria of the generaNitrosomonas, Nitroso-
coccus, Nitrosospira, Nitrosolobus, andNitrosovibrio (Bock et
al., 1991), according to the generalized Eqn. 4:

NH4
13 NH2OH

[NOH]
™™™™3 NO2

23 NO3
2 (4)

23 21 13 15

In the cytoplasm of the microorganisms, ammonium is oxidized
by ammonia monooxygenase to NH2OH and H2O. Subse-
quently, enzyme-catalyzed (hydroxylamine oxidoreductase) re-
actions mediate the oxidation of NH2OH to NO2

2 in the
periplasm (Brock and Madigan, 1991) with enzyme-bound
hydroxylamine (NOH) as a likely intermediate product
(Hooper and Balny, 1982). Finally, the enzyme nitrite oxidase
catalyzes the oxidation of nitrite to nitrate carried out by
Nitrobacter(Brock and Madigan, 1991). It has been shown that
NO and N2O can be generated during chemolithoautotrophic
nitrification either during the oxidation of ammonium (Ritchie
and Nicholas, 1972; Blackmer et al., 1980; Anderson and
Levine, 1986) or as a result of nitrite reduction in oxygen-

Table 2. Average ammonium and nitrate concentrations and average isotope compositions of nitrate and water-oxygen (6 SD) in throughfall and
forest floor solutions of a deciduous and a coniferous stand in North-Rhine Westphalia (number of samples given in brackets). Mean concentrations
were calculated using data for weekly composite precipitation samples from the period April 1994 to March 1997. Throughfall for isotope analyses
was obtained between January 1996 and June 1997 (weekly composite samples). Forest floor solutions for isotope analyses were sampled in April
and May 1997.

Stand Sampling Compartment
NH4-N

[mg L21]
NH4-N/Cl NO3-N

[mg L21]
NO3-N/Cl d18Owater

[‰]
d15Nnitrate

[‰]
d18Onitrate

[‰]

Deciduous Throughfall 2.26 (117)a 1.48 1.06 (117)a 0.32 28.36 2.6 (26) 5.66 3.2 (21) 39.56 9.8 (18)
(beech/oak) forest floor (mor) 3.70 (50)a 0.63 28.4 (66)a 4.81 25.66 1.5 (6) 210.36 1.7 (6) 10.16 1.5 (6)

Coniferous Throughfall 4.08 (119)a 0.89 3.38 (119)a 0.74 28.16 2.5 (27) 2.66 2.7 (19) 36.16 9.8 (20)
(spruce) forest floor (raw humus) 4.66 (41)a 0.38 35.0 (46)a 2.84 24.76 0.4 (2) 211.36 0.3 (2) 23.06 4.8 (2)

a Volume weighted concentration.
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limited systems (Poth and Focht, 1985; Remde and Conrad,
1990).

Nitrification potentials in soils vary depending on environ-
mental conditions, such as temperature, moisture, pH, chemical
soil properties (including C;N ratios and ammonia supply),
availability of nutrients, and microbial communities, among
others. In the incubation experiment, the mor released consid-
erably more nitrate than the raw humus (Fig. 1), presumably as
a result of their different C;N ratios (Table 1), differences in
bio-availability of C- and N-containing compounds, and pos-
sibly different microbial communities, since all other environ-
mental conditions in the laboratory, including soil pH values,
were almost identical for the two forest floors. While the
nitrification rates were higher in the experiment with the mor
(C/N 5 24) and remained constant throughout the observation
period (Fig. 1), the rates for the experiment with the raw humus
(C/N 5 32) were significantly lower and decreased with time.
This indicates that the pool of available nitrogen for nitrifying
microorganisms was more rapidly exhausted in the raw humus
than in the mor. In contrast to the experiment with the mor
where ammonium was constantly produced and available for
nitrification (Fig. 1c), ammonium was not abundant throughout
the experiment with the raw humus (Fig. 1d). It is possible that
the ammonification potential of the raw humus with its C;N
ratio of 32 was low, thereby limiting the supply of NH4

1

available for nitrification, resulting in comparatively low nitri-
fication rates.

Nitrogen isotope data are consistent with the above interpre-
tation. Nitrogen isotope ratios of nitrate generated by nitrifica-
tion are dependent on thed15N value of the nitrogen source and
kinetic isotope effects during microbial nitrification. If organic
soil nitrogen is the source of NH4

1, the latter has typically a
d15N value within a few per mil of that of soil organic nitrogen,
since the ammonification process (Norg3 NH4

1) does usually
not proceed with large nitrogen isotope fractionation (e.g.,
Kendall, 1998). In contrast, the conversion of NH4

1 to NO2
2 and

NO3
2 can be accompanied by marked nitrogen isotope fraction-

ation effects of. 230‰ (e.g., Delwiche and Steyn, 1970;
Mariotti et al., 1981; Hu¨bner, 1986). The extent of the overall
nitrogen isotope fractionation during chemolithoautotrophic ni-
trification depends on which of the reaction steps is rate limit-
ing and on the size of the substrate pool. In natural systems, the
oxidation of nitrite to nitrate is usually rapid, and therefore is
not the rate-determining step for the overall nitrification reac-
tion (e.g., Kendall, 1998). Also, since this reaction step typi-
cally involves quantitative conversion of nitrite to nitrate, ni-
trogen isotope fractionation is expected to be minimal. Thus,
the most likely step for nitrogen isotope fractionation is the
slow oxidation of ammonium. Here, the size of the ammonium
pool has a major influence on the extent of nitrogen isotope
fractionation (Shearer and Kohl, 1993). With a large pool of
available NH4

1, the isotopic selectivity is generally large and
the lighter isotope14N is preferentially converted into reaction
products NO2

2 and NO3
2, which can haved15N values up to

35‰ lower than that of the initial NH4
1 pool (Mariotti et al.,

1981). In contrast, the nitrogen isotope fractionation in NH4
1

limited systems, where the conversion of organic nitrogen to
NH4

1 becomes rate limiting, is typically small (e.g., Feigin et
al., 1974; Shearer et al., 1978).

A detailed interpretation ofd15N values of nitrate in the

percolates from the soil incubation experiments is beyond the
scope of this paper and is somewhat hampered by the fact that
the nitrogen isotope ratios of ammonium were not measured.
Nevertheless,d15Nnitrate values of, 220‰ in the first perco-
lates of the experimental variants with the mor are indicative of
nitrification with a large pool of available NH4

1, thus resulting
in significant nitrogen isotope selectivity. Both ammonium
concentrations (Fig. 1c) andDd15N values (Fig. 2c) remained
comparatively high throughout the experiment with the mor,
indicating that NH4

1 was not rate limiting. Consequently, high
and constant nitrification rates were observed during the 16
weeks of the experiment. In contrast, low ammonium concen-
trations in the percolates (Fig. 1d) and decreasingDd15N values
with decreasing nitrate concentrations (Fig. 2d) were observed
during the experiment with the raw humus. This is consistent
with NH4

1 becoming rate limiting throughout the experiment,
causing decreasing nitrification rates and, consequently, low
nitrate concentrations in the latter part of the experiment (Fig.
1b). Further potential explanations for the variability in the
d15Nnitrate values in the percolates are discussed later in this
section (see Fig. 5b).

The oxygen isotope composition of nitrate derived exclu-
sively from nitrification processes has been determined previ-
ously only in few studies, which yielded variable results (Am-
berger, 1987; Voerkelius, 1990; Kendall, 1998; Burns and
Kendall, in review). There is evidence from laboratory culture
experiments that oxygen from H2O and O2 is incorporated into
nitrate formed during chemolithoautotrophic nitrification.
Anderson and Levine (1986) have shown that NO2

2 produced
by microbial (chemolithoautotrophic) oxidation of NH3 by
Nitrosomonasderives one oxygen from H2O and a second
oxygen from O2. It has been further reported that NO3

2 gener-
ated by microbial oxidation of NO2

2 by Nitrobacterderives the
third oxygen from H2O (Hollocher, 1984). Based on these
studies, it has been suggested (Amberger and Schmidt, 1987;
Voerkelius, 1990; Durka et al., 1994; Wassenaar, 1995; Bo¨hlke
et al., 1997; Kendall, 1998) that the oxygen isotope composi-
tion of nitrate generated by nitrification can be calculated as
follows:

d18Onitrate 5 2⁄3(d18Owater 1 «water) 1 1⁄3(d18OO2 1 «O2) (5)

Based on Eqn. 5, and assuming negligible isotope fractionation
during water («water) and O2 («O2) incorporation, nitrate de-
rived from nitrification would haved18O values between22
and16‰, since environmental water has typicallyd18O values
between215 and 25‰, and d18O of atmospheric O2 is
123.5‰ (Kroopnick and Craig, 1972; Horibe et al., 1973). It
has, however, been recently noted thatd18Onitratevalues outside
of this range may be expected if (1) thed18O value of H2O used
by the microorganisms is isotopically enriched (e.g., as a result
of evaporation), (2) if thed18O value of O2 used by the
microorganisms is different from that of atmospheric O2, (3) if
there is significant isotope fractionation during the incorpora-
tion of oxygen from H2O and O2 into the newly formed nitrate,
or (4) if the ratio of oxygen incorporation from H2O and O2 is
not 2;1 (Aravena et al., 1993; Kendall et al., 1995; Wassenaar,
1995; Böhlke et al., 1997; Kendall, 1998).

To determine the ratio of oxygen incorporation from H2O
and O2 into the newly formed nitrate, thed18O values of the
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isotopically labeled irrigation water were plotted vs. the mean
d18O values of nitrate generated by nitrification in the five
experimental variants of both laboratory incubation experi-
ments (Fig. 4). If indeed two oxygen atoms in the newly formed
nitrate were derived from water, a linear correlation between
d18Owater andd18Onitrate values would be expected for the five
experimental variants, and the slope of the regression line
should be theoretically 0.67. In Figure 4a, thed18O values of
the isotopically labeled irrigation water are plotted vs. the mean
d18O values of nitrate (weeks 3–16) generated by nitrification
in the five variants of the experiment with the mor. A highly
significant linear relation (r2 5 0.999;p , 0.00001;n 5 5) was
observed with a slope of the regression line of 0.60. This is
close to the expected value and suggests that two oxygen atoms
in the newly formed nitrate were derived from water through-
out the experiment with the mor with its continuously high
nitrification rates. For the experiment with the raw humus, the
meand18O values of the newly formed nitrate were also found
to correlate linearly with thed18O values of the irrigation water
in the five experimental treatments (Fig. 4b), but the slope of
the regression line changed throughout the course of the incu-
bation period. At the beginning (weeks 3–8), the slope of the
regression line was 0.52 (r2 5 0.998;p , 0.0001;n 5 5). For
the meand18Onitratevalues at the end of the experiment (weeks

13–16), the slope decreased to 0.32 (r2 5 0.985;p 5 0.0008;
n 5 5), suggesting that only one oxygen in the nitrate molecule
was derived from H2O. In particular, the relations obtained
from the experiment with the raw humus are markedly different
from that expected according to Eqn. 5. For typicald18O values
of soil seepage water between215 and25‰, results from the
laboratory incubation experiments predict that oxygen isotope
ratios of nitrate derived from nitrification would range between
12 and18‰ for the mor, and between16 and114‰ for the
raw humus (see shaded areas in Fig. 4). Potential explanations
for this wide range ofd18Onitrate values are discussed below.

Throughout weeks 3 to 16 of the incubation study, the
d18Owatervalues of the percolates were identical to those of the
irrigation solutions in all experimental variants. Therefore,
evaporitic enrichment of18O in the soil water during the
experiment can be excluded as a potential explanation for
d18Onitrate values deviating from those expected according to
Eqn. 5.

d18O values of soil O2 were not determined during the
incubation study, but it can be assumed that they were initially
similar to those of atmospheric O2 (123.5‰), since the O
horizon material had been mixed and homogenized before the
experiments. The experimental design allowed for exchange of
air into and out of the incubation containers, but it cannot be

Fig. 4. Meand18O values of seepage water nitrate vs. meand18O values of the irrigation water in the incubation
experiment with the mor from the deciduous site (a) and the raw humus from the coniferous site (b). The slopes of the
regression lines indicate the percentage of water-oxygen incorporation into the newly formed nitrate. In the experiment with
the mor, the slope was 0.60. In the experiment with the raw humus, the slope was 0.52 at the beginning of the experiment
(weeks 3–8) and 0.32 at the end of the experiment (weeks 13–16). Average oxygen isotope compositions of water and
nitrate from soil solutions obtained at the deciduous (a) and the coniferous (b) forest sites are also shown with separate
(crossed) symbols. The shaded areas indicate the range ofd18O values expected for nitrate formed during nitrification in soil
solutions withd18Owater values between215 and25‰.
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ruled out that bacterial respiration might have influenced the
oxygen isotope ratios of soil O2 as the experiment progressed.
Since the oxygen isotope fractionation factor for bacterial res-
piration is 1.015 (Lane and Dole, 1956; Guy et al., 1993), the
remaining soil O2 is expected to become enriched in18O as a
result of this process. If indeedd18O values for soil O2 had
significantly increased with time, one would have expected
increasingd18Onitrate values during the experiment. This was
the case for treatments 1 and 2 of the experiment with the raw
humus, but constant or decreasingd18Onitrate values were ob-
served for the other eight experimental variants (Fig. 3). Al-
though it is possible that thed18O values of soil O2 were higher
than 123.5‰ and might have varied throughout the experi-
ment, this cannot explain the different slopes of the regression
lines in Figure 4, if a 2;1 ratio of oxygen incorporation from
H2O and O2 into the newly formed nitrate is assumed.

It was not possible to determine conclusively the extent of
isotope fractionation during incorporation of oxygen from H2O
(«water) and O2 («O2) into the newly formed nitrate since the
d18O values of soil O2 were not measured, but there is reason
to believe that these fractionation factors are comparatively
small. Assuming negligible isotope fractionation during oxy-
gen incorporation from H2O and O2 into the newly formed
nitrate, it is possible to calculate thed18O value of soil O2 based
on the linear relations displayed in Figure 4. If thed18Owater

value is chosen identical to that of atmospheric O2 (123.5‰),
the regression equations predictd18Onitratevalues between123
and126‰. Depending on the respective proportions of oxygen
incorporation from O2 into the newly formed nitrate for the two
different experiments, this suggestsd18O values for soil O2
between123 and129‰. This data range is typical for soil O2

as described above. It is important to note that these consider-
ations do not conclusively rule out isotopic fractionation during
incorporation of oxygen from H2O and O2 into the newly
formed nitrate, but if existing, these hypothetical isotope effects
would have been of similar extent in all experimental variants
of the laboratory incubation experiment. Therefore, neither
isotopic fractionation during incorporation of oxygen from
H2O and O2 into the newly formed nitrate, nor variations in the
d18O values of soil O2 or soil H2O, provide a satisfactory
explanation for the different slopes of the regression lines
shown in Figure 4. Consequently, we suggest that the ratio of
oxygen incorporation from H2O and O2 must have deviated
from the previously assumed ratio of 2;1 (Eqn. 5) during the
experiment with the raw humus. It is proposed that such devi-
ations might occur in situations where chemolithoautotrophic
nitrification is not the predominant nitrification pathway in
soils.

It is generally believed that the activity and growth of
chemolithoautotrophic nitrifiers become increasingly inhibited
at low pH values (Focht and Verstraete, 1977; Lang, 1986). It
has been, therefore, suggested that heterotrophic nitrification
might be of considerable importance in acid forest soils (e.g.,
Focht and Verstraete, 1977; Killham, 1986; Gundersen and
Rasmussen, 1990; Pedersen et al., 1999).

Heterotrophic nitrification is the microbial oxidation of both
organic and inorganic nitrogen compounds, which does not
entail an energy gain for the nitrifying bacteria (Killham, 1986;
Bock et al., 1991; Simek, 2000). The exact reaction pathways
and catalyzing enzymes involved in heterotrophic nitrification

are poorly known. It has been suggested that heterotrophic
nitrification follows an organic reaction pathway (Doxtrader,
1965; Focht and Verstraete, 1977), according to the following
reaction:

R-NH23 R-NH2OH3 R-NO3 RNO2
23 NO3

2 (6)

23 21 11 13 15

Some authors have also proposed an inorganic reaction path-
way for the heterotrophic nitrification carried out, for example,
by Aspergillus flavus(Lang, 1986; Paul and Clark, 1989; Kill-
ham, 1990).

NH4
13 NH2OH3 NOH3 NO2

23 NO3
2 (7)

2 3 2 1 1 1 1 3 1 5

It has also been suggested that both pathways (Eqn. 6 and 7)
might proceed in combination during heterotrophic nitrification
(Prosser, 1989). It is further interesting to note that heterotro-
phic organisms can release NO2

2 and NO3
2 directly from their

organic moiety (Wood, 1988; Wood, 1990). In case of NO2
2

release, two oxygen atoms in the newly formed nitrate are
presumably derived from the organic nitrogen compound. The
third oxygen atom would be incorporated during the oxidation
of NO2

2 to NO3
2 and is typically derived from water (Hol-

locher, 1984). This reaction pathway is consistent with the
results obtained at the end of the laboratory experiment with the
raw humus, where the linear relation betweend18Onitrate and
d18Owater values with a slope of 0.32 indicated that only one
water oxygen was incorporated into the newly formed nitrate.
It can be further speculated that in the case of a potential NO3

2

release directly from organic nitrogen compounds (Wood,
1988; Wood, 1990), no water oxygen would be incorporated
into the newly formed nitrate, and the slope of the linear
regression line betweend18Owater andd18Onitrate values would
tend towards 0. Under these circumstances, one would expect
that thed15N and d18O values of the newly formed nitrate
might resemble those of nitrogen and oxygen in soil organic
matter. Consistent with this hypothesis,d15N values of the
newly formed nitrate increased toward those of soil nitrogen
(22.1‰), and d18Onitrate displayed trends toward values
around 120‰ as the experiment with the raw humus pro-
gressed (Fig. 5b). In contrast, throughout the experiment with
the mor,d15Nnitrate values in the percolates were lower than
those in the raw humus solutions, andd18Onitrate values were
constant (Fig. 5a).

Based on the above-described observations, we suggest that
nitrate formed by nitrification in acid forest floors may obtain
less than two thirds of its oxygen from water. Chemolithoau-
totrophic and heterotrophic nitrification are carried out by dif-
ferent microorganisms and can occur concurrently in soils (e.g.,
Pedersen et al., 1999). In the incubation experiment with the
raw humus, ammonium concentrations in the percolates were
generally low. Nitrification rates were initially relatively low
and decreased further throughout the experiment. It is possible
that heterotrophic nitrification became the predominant nitrifi-
cation pathway as the experiment progressed, explaining water-
oxygen proportions between 52% (beginning) and 32% (end) in
the newly formed nitrate. In the experiment with the mor,
ammonium was abundant and nitrification rates were consis-
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tently high throughout the observation period. In this case,
chemolithoautotrophic nitrification was presumably the domi-
nant process with potentially minor nitrate contributions via
heterotrophic nitrification. Therefore, the proportion of water
oxygen in the newly formed nitrate was close to the expected
value of 67% (Eqn. 5). Consequently, variations in the relative
proportions of nitrate formation via the chemolithoautotrophic
and the heterotrophic nitrification pathways are suggested as
the most likely reason for the wide range ofd18Onitrate values
observed during the soil incubation experiment.

Results from field studies support the interpretations derived
from the laboratory incubation experiments. The significant
increase of nitrate concentrations and the marked increase of
NO3

2-N : Cl2 ratios in forest floor solutions compared to
throughfall (Table 2) provides evidence that nitrate in the
lysimeter solutions was formed predominantly in the forest
floors, and that only a small proportion of the soil nitrate pool
might have been derived from atmospheric nitrate deposition.
Since the forest floor horizons contained nitrogen almost ex-
clusively in organic binding form, the majority of the nitrate in
the forest floor solutions must have been generated by micro-
bial nitrification processes. At the deciduous site, the increase
of the NO3

2-N : Cl2 ratios in the soil solutions, compared to
those of the throughfall, was more pronounced (factor 15) than
at the coniferous site (factor 4), suggesting that nitrification
rates were higher in the mor at the deciduous stand than in the
raw humus at the coniferous site. This finding is in excellent
agreement with results from the laboratory experiments with O

horizons from the two field sites. Ammonium was available in
both forest floor solutions at concentrations similar to those of
throughfall, but NH4

1-N : Cl2 ratios decreased markedly be-
tween throughfall and forest floor solutions at both sites (Table
2). This indicates that NH4

1 was consumed in both forest floors
presumably by chemolithoautotrophic or heterotrophic nitrifi-
cation.

d15N values of nitrate in the forest floor solutions at both
field sites were more than 13‰ lower than those of throughfall
nitrate (Fig. 6), providing further evidence that soil solution
nitrate was not derived to a large extent from atmospheric
deposition, but from microbial nitrification. The latter process
proceeded with significant nitrogen isotope fractionation, since
the d15N values of soil solution nitrate were within210.3‰
(mor) and211.3‰ (raw humus) markedly lower than thed15N
values of total nitrogen in the mor (24.8‰) and the raw humus
(22.1‰), respectively. This is consistent with a model, in
which ammonium is converted to nitrate without exhausting the
entire substrate (NH4

1) pool, thus allowing the chemolithoau-
totrophic or heterotrophic nitrifying bacteria to preferentially
metabolize14N. Because of the high concentrations yet com-
paratively lowd15N values of soil solution nitrate, it is unlikely
that denitrification had occurred and influenced the isotopic
composition of seepage water nitrate at both field sites.

Since there is compelling evidence that nitrate in soil solu-
tions obtained at both field sites was derived predominantly
from microbial nitrification, it appears feasible to compare the
oxygen isotope ratios observed in the laboratory experiments

Fig. 5.d15N values vs.d18O values for nitrate in the percolation water from the five respective treatments of the laboratory
incubation experiments with the mor (a) and the raw humus (b). The nitrate was derived from nitrification processes in the
O horizons and was not significantly influenced by denitrification, since the latter process would have resulted in
simultaneously increasingd15Nnitrate andd18Onitrate values in all experimental variants.
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with those of the field samples. The meand18O value for nitrate
in the soil solutions at the deciduous site was110.16 1.5‰
(n 5 6), only marginally higher than expected according to the
results from the laboratory incubation experiments (Fig. 4a). In
the forest floor solutions of the coniferous site, the meand18O
value of nitrate was within123.0‰ (n 5 2), significantly
higher than expected according to the results from the labora-
tory incubation experiments (Fig. 4b). It is interesting to note
that the mean oxygen isotope ratios of soil solution nitrate from
the deciduous and the coniferous sites differed by more than
10‰ (Fig. 6) although the two field sites were located less than
1 km apart. The considerable difference in thed18O values of
soil solution nitrate from both sites cannot be explained by
evaporitic enrichment of18O in the soil water, since the field
samples were obtained under similar meteorological conditions
in April and May 1997. Also, isotope fractionation during the
incorporation of oxygen from H2O or O2 into the newly formed
nitrate does not provide a satisfactory explanation, since these
isotope effects are believed to be small and identical at both
sites. Also, admixture of nitrate from atmospheric deposition to
the soil nitrate pool cannot fully account for the observed
differences ind18Onitratevalues at both sites, since the NO3

2-N
: Cl2 ratios suggest that,25% of the soil solution nitrate was
derived from atmospheric deposition (Table 2). One possible
explanation for the markedly differentd18Onitrate values in the
forest floor solutions of both sites is that thed18O values of soil
O2 might have been significantly higher in the raw humus at the
coniferous site than in the mor at the deciduous site as a result

of respiratory isotope fractionation leaving the remaining O2 in
semi-isolated soil pores enriched in18O (Kendall, 1998). We
propose as an alternate explanation that significantly less than
two thirds of the nitrate-oxygen in the soil solutions at the
coniferous site was derived from water. Thus, differences in the
nitrification pathways might have been responsible for the
markedly different oxygen isotope ratios of soil solution nitrate
at the deciduous and coniferous site, a hypothesis that is in
good agreement with observations from the laboratory incuba-
tion experiments.

5. CONCLUSIONS

Nitrate derived from nitrification processes in forest floors
can constitute a large proportion of the nitrate pool in soil
seepage water, surface water, and groundwater. The ability to
isotopically identify nitrate derived from microbial nitrification
requires that its isotopic composition be distinct from that of
other nitrate sources, such as atmospheric nitrate deposition and
fertilizer nitrate. Evidence from soil incubation experiments
and field studies suggests that during microbial nitrification in
O horizons of forest floors, up to two of the three oxygen atoms
in the newly formed nitrate are derived from water, particularly
if NH4

1 is abundant and nitrification rates are high. This is
consistent with current knowledge about oxygen incorporation
into nitrate during chemolithoautotrophic nitrification (Aleem
et al., 1965; Anderson and Hooper, 1983; Hollocher, 1984). It
was, however, also observed that in NH4

1 limited systems with

Fig. 6. Averaged15N andd18O values of nitrate (6SD) in throughfall (solid triangles) and forest floor solution samples
(open triangles) obtained from the deciduous (inverted triangles) and the coniferous field site (upright triangles). Also shown
are the isotopic compositions of other sources of nitrate in terrestrial ecosystems and previously published ranges of oxygen
isotope ratios of nitrate formed by nitrification in soils (Durka et al.; 1994; Kendall, 1998).
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low nitrification rates, significantly less than two thirds of the
oxygen in newly formed nitrate was derived from water oxy-
gen. This might indicate the occurrence of heterotrophic nitri-
fication in acid forest floor horizons, during which incorpora-
tion of water oxygen into nitrate may be considerably lower
than during chemolithoautotrophic nitrification. It is obvious
from this study that a better understanding of (1) the various
biochemical nitrification pathways and (2) the influence of
microbial respiration on thed18O value of soil O2 in forest
floors and mineral soil horizons is essential for a more precise
description of the underlying mechanisms that control the ox-
ygen isotope ratios of nitrate from microbial nitrification. Nev-
ertheless, the presented data suggest that variations in the
relative proportions of nitrate formation via the chemolithoau-
totrophic and the heterotrophic nitrification pathways may be in
part responsible for the relatively wide range ofd18O values for
nitrate formed by microbial nitrification reported in the litera-
ture (e.g., Durka et al., 1994; Kendall, 1998) and confirmed in
this study (Fig. 6). Based on laboratory incubation experiments,
we suggest thatd18O values between12 and114‰ should be
considered as typical for nitrate derived from nitrification pro-
cesses in acid forest floors with soil waterd18O values ranging
between215 and25‰. This range of oxygen isotope ratios is
distinct from those of nitrate-containing fertilizers and from
atmospheric nitrate deposition (Fig. 6). The oxygen isotope
composition of nitrate is, therefore, a useful qualitative tracer
for distinguishing nitrate from atmospheric and pedospheric
sources in forested catchments and also represents a potential
tool for tracing nitrate-containing fertilizers in watersheds with
agricultural land use. However, because of the wide range of
d18O values for nitrate from atmospheric deposition and from
soil nitrification (Fig. 6), a reliable quantitative apportionment
of various nitrate sources contributing to seepage water, surface
water, and groundwater that is based on the oxygen isotope
ratios of nitrate alone (e.g., Durka et al., 1994) appears to be
difficult, particularly if the nitrification pathways in the studied
system are not known.
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Forum Ökologie36, 1–149.

Gat J. R. (1996) Oxygen and hydrogen isotopes in the hydrological
cycle.Annu. Rev. Earth Planet. Sci.24, 225–262.

Gormly J. R. and Spalding R. F. (1979) Sources and concentrations of
nitrate-nitrogen in ground water of the Central Platte Region, Ne-
braska.Ground Water17, 291–301.
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