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Abstract
We studied controls on nitrification in an undisturbed water-limited ecosystem by inhibiting autotrophic nitrifying bacteria in soils with
varying levels of vegetative cover. The activity of nitrifying bacteria was disrupted using nitrapyrin, 2-chloro-6-(trichloromethyl)-pyridine,
under field conditions in three microenvironments (underneath shrubs, next to grasses and in bare soil). Ammonia-oxidising bacteria were
þ
detected by PCR analysis of DNA in soils. The inhibition of nitrification changed the concentrations of NO2
3 and NH4 in the soil, while the
microenvironment was most important in determining the response of bacteria to the inhibitor. Nitrapyrin application resulted in a significant
þ
ðp , 0:05Þ reduction in soil NO2
3 concentration (39%) and a significant increase ðp , 0:001Þ in soil NH4 concentration (41%). Untreated
þ
2
bare-soil microenvironments had the lowest concentrations of NH4 (1.57 mg/g of dry soil) and NO3 (0.49 mg/g of dry soil) when compared
to the other microenvironments, and showed the highest impacts of nitrification inhibition. For example, NHþ
4 concentrations increased 288%
and NO2
3 concentrations decreased 60% in inhibited bare-soil microenvironments. In contrast, untreated microenvironments underneath
2
shrubs had the highest levels of NHþ
4 (10.01 mg/g of dry soil) and NO3 (0.69 mg/g of dry soil), but showed no significant effects of inhibition
of nitrification on soil nitrogen concentrations.
q 2003 Elsevier Ltd. All rights reserved.
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1. Introduction
Chemolithotrophic ammonia oxidation is a key process
in the nitrogen cycle because it is the main route of
ammonia oxidation in soils in most terrestrial ecosystems.
Ammonia, produced by decomposition of organic material
(ammonification), is oxidized to nitrite by ammoniaoxidising bacteria in a two-step reaction. The first step is
catalyzed by ammonia monooxygenase (AMO) and
involves the oxidation of ammonia to hydroxylamine,
which is subsequently oxidized to nitrite by hydroxylamine
oxidoreductase (Paul and Clark, 1996). Finally, nitrite is
oxidized to nitrate by nitrite-oxidising bacteria. Although
environmental factors such as pH and substrate availability
have been shown to affect the growth and survival of
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ammonia oxidizers in pure culture experiments (Gerards
et al., 1998), the knowledge of factors controlling the
functioning of ammonia-oxidising populations in natural
ecosystems is scarce. Few studies have been done in situ
with soils from natural ecosystems (Stark and Firestone,
1996).
Ecosystem processes in semi-arid ecosystems such as
those located in the Patagonian region of Argentina, are
primarily limited by water availability (Sala et al., 1989;
Jobbágy and Sala, 2000). The Patagonian steppe is codominated by shrubs and grasses on a matrix of bare soil.
Differences in litter quality and in microenvironmental
factors such as temperature, soil water availability, and wind
speed determine the existence of distinct microenvironments with contrasting functioning characteristics. In these
microenvironments, water –nitrogen interactions may ultimately determine seasonal and annual productivity patterns.
Our understanding of how ammonia oxidation activity
impacts nitrogen availability in arid ecosystems in general,
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and in these Patagonian ecosystems in particular, remains
largely unknown.
One approach to examine the importance of nitrification
in soils has been the use of chemical inhibitors, which
disrupt the first step of the nitrification reaction (conversion
of ammonia to nitrite). These chemicals, such as nitrapyrin
(N-Servew, 2-chloro-6-(trichloromethyl)-pyridine), were
primarily developed for agricultural use. Nitrapyrin inhibits
the AMO enzyme by acting as an alternative substrate
(Goring, 1962; Iizumi et al., 1998), but does not appear to
directly affect other microbially mediated processes of the
nitrogen cycle (Sahrawat, 1989). Nitrapyrin has also been
used in natural ecosystems to evaluate the importance of
trace gas losses and nitrogen turnover (Schlesinger and
Peterjohn, 1991; Bauhus et al., 1996; Ward et al., 1997).
The general objective of this study was to explore the
importance of nitrification and its controls in water-limited
ecosystems. In particular, we wanted to examine the roles of
spatial heterogeneity and soil microbial populations in
modulating nitrogen cycling in the Patagonian steppe,
which we used as a model ecosystem. Our approach was
to disrupt the activity of autotrophic nitrifying bacteria in
microenvironments with different vegetation types, which
result in contrasting biotic and abiotic characteristics, and
examine the consequences of this disruption for nitrogen
turnover. We evaluated the changes in soil biogeochemistry
through measurements of inorganic nitrogen and monitored
the presence of ammonia oxidising bacteria through PCR
detection of the AMO coding gene (amoA) in soils from
three microenvironments (under shrubs, grasses, and bare
soil) characteristic of the semi-arid Patagonian steppe.

2. Materials and methods
2.1. Study area
The experimental site is part of the Rı́o Mayo
experimental station, which is located in the Argentinean
province of Chubut (458410 S and 708160 W). Long-term
mean annual precipitation of the site is 152 mm, and is
strongly seasonal, with the majority of the precipitation
falling in the winter months (May – August). Monthly
temperature ranges from a maximum of 15 8C in January
and a minimum of 1 8C in July. Soils are coarse-textured
aridisols, with high gravel content and low water-holding
capacity (Valle, 1998). The vegetation is classified as semiarid steppe, with the dominant life forms of perennial
tussock grasses and shrubs, which account for . 95% of the
aboveground biomass of this community (Sala et al., 1989;
Golluscio and Sala, 1993). Vegetative cover is discontinuous, with cover of 25% by grass species and 12% by shrub
species (Fernández et al., 1991). Ten-year average net
primary production of the site is 56 g m22 yr21 (Jobbágy
and Sala, 2000).

2.2. Experimental design and analytical methods
We selected 16 circular plots of 25 m2 that each had a
Mulinum spinosum shrub of approximately 1 m in diameter
in the center. Plots were randomly assigned to control and
inhibition treatments. Thus, for all purposes of this study,
we had eight independent replicates. We applied 15 ml of
emulsified N-serve 24Ew (DowElanco) dissolved in 1.5 l of
water to the 25 m2 area. Because nitrapyrin volatilizes on
contact with air, we applied the water solution 3 cm below
the soil surface using a modified seeding machine.
Additionally, we applied the solution under the shrub
canopy and in the middle of grass tussocks using a hollow
metal stake with plastic tubing to insure complete
application over the entire area of the plot. The combination
of the modified seeding machine, with very small distance
between contiguous furrows, and the applications underneath the canopy of shrubs and grasses resulted in a uniform
distribution of the inhibitor. Because there was some
disturbance involved with the application of the chemical,
we used the same methodology but applied only water in the
control plots. We applied N-serve (or water) every 4 months
for a two-year period; the soils analyzed for this experiment
come from a sampling date of October 1999, 18 months
after the initiation of the experiment, and two days after the
application of nitrapyrin for this date.
Soil samples were taken from the 0 –5 cm surface of the
soil using a PVC tube of 5 cm diameter in three locations
representative of the conditions in each plot: bare soil; close
to grass tussocks; and below the central shrub. Thus, for
each microenvironment/inhibition treatment, there were
eight ðn ¼ 8Þ replicate samples. Immediately upon return
from the field, a subsample was put into a sealed plastic bag
and kept refrigerated (4 8C) until they were delivered for
DNA extraction in Buenos Aires. In the field, a second
subsample was taken for determination of inorganic
nitrogen concentrations using a standard extraction of 2N
KCl (Robertson et al., 1999a). The extracts were analyzed
for nitrate and ammonium using an Alpkem Flow IVw (O-I
Corporation, College Station, TX, USA) autoanalyzer.
Water content was determined gravimetrically on a
subsample of soil taken from each location, and soil pH
was evaluated using a solution of 2:1 soil slurry with
distilled water and read with an electrometric pH meter
(Robertson et al., 1999b). Soil concentrations of
ammonium, nitrate, and nitrate/ammonium ratios, soil
water, and pH were tested using a two-way ANOVA
(alpha of 0.05 in all cases) using the program Statisticaw.
We extracted soil DNA with a soil DNA isolation kit
(Mo Bio Laboratories, Inc.) using 0.5 g of soil. PCR
amplification of the amoA gene was performed as
previously described using two degenerate synthetic
oligonucleotides, which were suitable for amplifying
amoA gene of a wide range of ammonia-oxidising bacteria
(Rotthauwe et al., 1997). As a positive control we used a
491 bp fragment, previously cloned and sequenced in our
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laboratory (López and Méndez, 2000). The amplification
bands were checked for the presence of the amoA gene
by Southern blot experiments (Sambrook et al., 1989) using
as a probe a synthetic biotinylated oligonucleotide designed
on the basis of the most conserved region of the amoA
gene
inside
of
the
amplification
fragment
(50 GCTTCCTGTATGTGCGTACC 30 ).

3. Results
The nitrapyrin application in this Patagonian natural
ecosystem resulted in a significant ðp , 0:05Þ reduction of
the nitrate concentration in the soil and an increase in the
ammonium concentration (Fig. 1). For soil NHþ
4 , there were
significant effects of the inhibition treatment, location, and
their interaction (two-factor ANOVA, p , 0:001; 0.01, and
0.01, respectively). Nitrate concentrations also varied
significantly with inhibition, with less nitrate in the inhibited
plots (two-way ANOVA, p , 0:05), but there was no effect
of microenvironment on nitrate values. There were
differences in abiotic characteristics among the microenvironments, with significantly higher soil water content under
the shrubs and higher pH in both the shrub and bare soil, but
there was no effect of nitrification inhibition on these
variables (Table 1). These microenvironment differences
translated to changes in ammonium concentrations and the
þ
response to nitrification inhibition, as soil NO2
3 /NH4
concentrations were quite different among microenvironments and treatments (Table 1, Fig. 1).
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Table 1
Microenvironment characteristics in the Patagonian steppe
Inhibitor applied Soil water (%g H2O/g dry soil) pH
Shrub

No
Yes

3.84 (0.22)b
3.97 (0.50)b

7.06 (0.09)c
7.14 (0.14)c

Grass

No
Yes

2.87 (0.35)a
3.21 (0.37)a

6.63 (0.06)d
6.63 (0.11)d

Bare soil No
Yes

2.43 (0.34)a
3.03 (0.29)a

6.81 (0.05)c
6.94 (0.09)c

Values of gravimetric soil water content and pH are means (n ¼ 8; ^se)
for control and nitrification-inhibited plots. Letters indicate significant
differences at p , 0:05:

The shrub microenvironment had the highest soil NHþ
4
concentrations of the three microenvironments (Fig. 1).
þ
Additionally, NO2
3 /NH4 ratios in the controls were lower
than in any of the other microenvironments (Table 2). This
relatively nitrogen-rich microenvironment showed no
significant difference in soil NHþ
4 as a result of the
inhibition treatments. Presence of shrubs may account for
high soil NHþ
4 concentrations due to high inputs of organic
matter in soil (Charley and West, 1975; Schlesinger et al.,
1996). Shrub islands not only have high primary production
(Soriano et al., 1994) but also trap a large fraction of windblown organic material, which may be produced in other
microenvironments, all of which provide organic matter
with carbon and nitrogen substrate for microbial growth and
nitrogen mineralization.
The bare-soil microenvironment had the lowest
ammonium concentrations and a high nitrate/ammonium
ratio, associated with the absence of vegetative cover (Table
2 and Fig. 1). The inhibitor had a strong effect on the activity
of the nitrifying bacteria with a sharp reduction in soil
nitrate and an increase in ammonium concentrations (Fig.
1). It is important to highlight that nitrification inhibition
resulted in a significant ðp , 0:05Þ reduction in soil nitrate
concentrations across the three microenvironments but the
effect on nitrate concentrations was not significant for
isolated microenvironments.
Table 2
Amplification of amoA gene and mean values of nitrate/ammonium ratios
(^se, n ¼ 8) in three microenvironments of control and inhibition plots

Fig. 1. Soil ammonium (A) and nitrate concentrations (B) in October 1999
in the Patagonian steppe. Bars are means at three sampling locations: under
shrubs, next to grasses and bare soil. Control bars are open and hatched bars
indicate inhibited plots. Different letters indicate significant differences at
p , 0:01 for ammonium. Nitrate concentrations showed significant
differences with inhibition ðp , 0:05Þ; but there was no effect of
microenvironment.

Microenvironments

Inhibitor applied

þ
NO2
3 /NH4

PCR

Shrubs

No
Yes

0.07 (0.01)b
0.06 (0.02)b

8/8
8/8

Grass

No
Yes

0.25 (0.04)c
0.09 (0.03)b

4/8
5/8

Bare soil

No
Yes

0.41 (0.11)a
0.04 (0.02)b

3/8
2/8

Letters indicate significant differences for nitrate/ammonium ratios at
p , 0:05: PCR indicates number of positive amplification signals/number
of analyzed samples as determined by agarose gel electrophoresis analysis.
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The grass microenvironment had soil concentrations of
ammonium that were significantly ðp , 0:05Þ lower than
those in the shrub microenvironment but not significantly
ðp . 0:05Þ different from those in the bare-soil microenvirþ
onment (Fig. 1). The NO2
3 /NH4 ratios in this microenvironment were intermediate between those in the shrub and
bare-soil microenvironments. The nitrification inhibition
with nitrapyrin had a strong effect similar to that observed in
the bare-soil microenvironment (Fig. 1).
Non-quantitative PCR experiments were conducted in
order to monitor the presence of ammonia-oxidising
bacteria. DNA extraction efficiency was similar for the
three sampling points, with positive amplification signals
found for soils from each of the three microenvironments
(Table 2). The primers used to detect amoA gene resulted in
only a single amplification product of the expected size. The
detection limit in the amplification reaction, which was
estimated by microplate technique (Rowe et al., 1977)
ranged between 65 and 97 cells that probably contain 2 – 3
copies of amoA gene as demonstrated in several ammonia
oxidizer studies (Mc Tavish et al., 1993; Norton et al.,
1996). The identity of the PCR products was confirmed with
randomly selected samples, which were subjected to
Southern blot hybridization with an amoA gene probe
(data not shown). The availability of NHþ
4 in the soil seems
to affect the distribution of ammonia-oxidising populations
in this water-limited ecosystem, as a larger number of
amplification signals were detected in those areas with
higher soil NHþ
4 concentration (Table 2). However, the PCR
experiments performed in this work were non-quantitative
and planned only to monitor the presence of ammoniaoxidising bacteria in this particular environment. Therefore,
it cannot be concluded, at this point, that there is a direct link
between the vegetation structure and the absolute size of the
ammonia oxidising populations.

matter, which could further cause a reduction in the
efficiency of inhibition, such that significant differences in
soil NHþ
4 concentrations were not observed in the shrub
microenvironment (Powell and Prosser, 1991).
The three microenvironments studied in this work
possess soils with different vegetation characteristics (bare
soil, grasses, and shrubs) and represent a range of physical
and biotic characteristics for ammonia-oxidising bacteria.
These differences translated to changes in nutrient dynamics
and magnitude of nitrification inhibition in the three
microenvironments. The high concentration of available
substrate for nitrification underneath the shrub microenvironment results in a soil-vegetation interaction creating a
‘hotspot’ of nitrification potential and reduced effect of the
inhibitor. These results indicate the importance of spatial
heterogeneity, which may ultimately determine rates of
carbon and nutrient turnover in this semi-arid steppe
ecosystem.
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