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Abstract

The effectiveness of nitrification inhibitors for abatement of N loss from the agroecosystem is difficult to mea-
sure at typical agronomic scales, since performance varies at the research-field scale due to complex interactions
among crop management, soil properties, length of the trial, and environmental factors. The environmental im-
pact of the nitrification inhibitor nitrapyrin on N losses from agronomic ecosystems was considered with empha-
sis on the Midwestern USA. A meta-evaluation approach considered the integrated responses to nitrification
inhibition found across research trials conducted in diverse environments over many years as measured in side-
by-side comparisons of fertilizer N or manure applied with and without nitrapyrin. The resulting distributions of
response indices were evaluated with respect to the magnitude and variance of the agronomic and environmental
effects that may be achieved when nitrification inhibitors are used regionally over time. The indices considered
(1) crop yield, (2) annual or season-long maintenance of inorganic N within the crop root zone, (3) NO5-N leached
past the crop root zone, and (4) greenhouse gas emission from soil. Results showed that on average, the crop
yield increased (relative to N fertilization without nitrapyrin) 7% and soil N retention increased by 28%, while N
leaching decreased by 16% and greenhouse gas emissions decreased by 51%. In more than 75% of individual
comparisons, use of a nitrification inhibitor increased soil N retention and crop yield, and decreased N leaching
and volatilization. The potential of nitrification inhibitors for reducing N loss needs to be considered at the scale
of a sensitive region, such as a watershed, over a prolonged period of use as well as within the context of overall
goals for abatement of N losses from the agroecosystem to the environment.

Introduction

The use of nitrification inhibitors is an established
agronomic practice for conservation of fertilizer ni-
trogen in the root zone where it may be utilized by a
crop. A side effect of this practice is environmental
protection afforded by the reduction of N loss from
the agroecosystem. A substantial amount of literature
details the environmental and agronomic performance
of nitrification inhibitors when used in combination
with N fertilizer or manure (see Meisinger et al. 1980;
Wolt 2000). Even though most published data focuses

on nitrification inhibition as a crop production tool
(see, for instance, Meisinger et al. 1980), this same
body of information provides considerable insight as
to N stabilization through application of nitrification
inhibitors, with the consequences of altered move-
ment of N from the root zone by either leaching or
volatilization.
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Nitrification inhibitor performance and variability
in response

As with any technology aimed at nutrient manage-
ment, nitrification inhibitor performance in reducing
N losses through leaching or volatilization will be
variable at the field level due to complex interactions
among crop management, soil, and environmental
factors. The microbial ecology of bacterial nitrifiers
is considerably influenced by multiple factors that
confound interpretations of nitrification inhibitor per-
formance (Keeney 1980). The persistence and activ-
ity of nitrification inhibitors in the soil will also be
affected by many of these same factors (Touchton et
al. 1978b; Wolt 2000). Thus, the year-to-year
performance of a nitrification inhibitor in a given field
or research plot may vary, even though the perform-
ance attributes of the nitrification inhibitor may be
evident when considered across a larger region, such
as a watershed or ecoregion, over time.

Nitrification inhibitors have been shown under a
variety of field and laboratory conditions to reduce
nitrate-N leaching as compared to fertilizer-only
treatments (Wolt 2000). Reduced leaching is achieved
when nitrification inhibition in the crop root zone al-
lows for N to be retained in the upper soil profile and
utilized by the crop. This effect is best documented in
long-term lysimeter studies where annual reduction in
N loss is observed. For instance, Owens (1987)
showed that with 6 years continuous use of the nitri-
fication inhibitor nitrapyrin for corn production in
Ohio, USA, cumulative N leaching was reduced an
average of 20% in comparison to fertilizer application
without a nitrification inhibitor. Similar effects have
been shown in other environments (Yadav 1997,
Randall 2000), but in contrast there are instances
where a variable benefit of nitrification inhibition is
observed (see, for example, Timmons 1984).

The greenhouse gas nitrous oxide is produced in
soils during both nitrification of ammonium-N and
denitrification of nitrate-N, with the greater level be-
ing produced by denitrification. Accelerated nitrous
oxide fluxes from annual cropping systems are likely
a consequence of high N availability (Robertson et al.
2000). There appears to be a direct effect of nitrifica-
tion inhibitors on reducing nitrous oxide produced
during nitrification, while the effect on denitrification
appears to be indirect from lower soil nitrate levels.
Bronson and Mosier (1993) reported that nitrification
inhibitors applied with N fertilizer decreased nitrous
oxide emissions by 43 to 71% when periodic

measurements were taken from time of fertilization to
harvest in a field trial of irrigated corn. In addition to
the effect on nitrous oxide loss from soil, there is
some evidence to indicate that nitrification inhibitors
also reduce the efflux of methane from soil, perhaps
through an indirect effect on methanotroph ecology
(Arif et al. 1996). The environmental benefit of
reduced greenhouse gas emissions may be offset by
efflux of acid-forming NH; in situations where nitri-
fication inhibitor use occurs in conjunction with sur-
face-applied urea or ammonium fertilizers in warm,
moist soils (Harrison and Webb 2001).

Nitrification inhibitor performance in soils is most
effective and consistent when conditions favor slower
biological degradation of the inhibitor and reduced
Nitroso-group bacterial activity. Thus, optimal per-
formance is more common with late fall or early
spring application when soil temperatures are low.
These periods are associated with increased ground-
water recharge and runoff in continental temperate
climates due to lower evapotranspiration and seasonal
precipitation patterns. As a consequence of the tem-
perature effect, historical nitrification inhibitor per-
formance has generally been best in the upper
Midwestern USA as compared to more southerly cli-
mates. Nitrification inhibitor performance is best es-
tablished for corn, since this crop has an especially
high N requirement and is frequently grown on soils
with high N-loss potential, namely, poorly drained
soils, tile-drained soils, and irrigated sandy soils. The
efficacy and environmental effects of nitrification in-
hibition are best documented for the intense corn
production region of the upper Midwest. The greatest
environmental benefits of nitrification inhibitors nor-
mally occur when used with rates of N fertilization
that are well matched to crop N demand (Wolt 2000);
therefore, nitrification inhibitor use is compatible with
other nutrient management technologies that improve
N-use efficiency.

Meta-effects evaluation of nitrification inhibitor
performance

The published literature regarding nitrification inhibi-
tor performance in the field focuses nearly exclu-
sively on the effects achieved at the research scale;
that is, individually, the data reflect performance at
the field or research-plot scale and over typical time
spans of one to three years. In contrast, any environ-
mental effect of nitrification inhibition on N loss will
be of consequence at the scale of a vulnerable water-



shed or larger over a period of many years. Crop X
environment X management factors contribute to
variability at the field scale that lends uncertainty to
the annual realization of microeconomic benefits
from nitrification inhibitors when used for yield en-
hancement (Nelson and Huber 1980), even though
there may be societal benefits of nitrification inhibi-
tor use over broader scales of space and time for re-
duction of N loss from agroecosystems to the
environment. The research reported herein considers
comprehensively the environmental effect of nitrifi-
cation inhibition using a meta-evaluation approach
that probabilistically treats the distribution in out-
comes found across studies conducted in diverse en-
vironments over many years. The meta-evalution
approach entails integrated description of heteroge-
neous data. In the present case, data from short-dura-
tion agronomic trails conducted under diverse condi-
tions were integrated to allow for a generalized
assessment of agronomic and environmental effec-
tiveness. Such an approach provides insight in to the
environmental benefit that may be achieved when ni-
trification inhibition is used regionally over time.
Data detailing the effectiveness of the product
nitrapyrin [2-chloro-6-(trichloro-methyl)pyridine] are
considered here, since this product has been used for
nitrification inhibition in the intense corn production
regions of the Midwestern USA for over 25 years and
its efficacy in controlling N loss is well documented
in the published literature.

Methods

A detailed review of published literature was con-
ducted to identify research trials where indices of ef-
fectiveness of nitrification inhibition were measured
in side-by-side comparisons of N fertilizer or manure
with and without added nitrapyrin. The indices
selected for consideration were (1) grain yield
(indicative of N availability and retention in the crop
root zone), (2) annual or season-long maintenance of
inorganic N (typically, NH,-N plus NO;-N) within
the crop root zone, (3) N leached past the crop root
zone, and (4) gaseous flux (typically N,O volatiliza-
tion) from soil.

For those trials where relevant data were identified,
the relative effect of nitrapyrin was calculated as the
difference in effect observed for the comparable
treatment without nitrapyrin, expressed as a percent-
age of the effect without nitrapyrin [(effect with ni-
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trapyrin — effect without nitrapyrin) X 100/effect
without nitrapyrin], for a given location and year.
When the study design involved multiple compari-
sons, such as the effect of nitrapyrin over a range of
N levels or N sources, the average effect across these
treatments was determined. The intention of this
analysis is to consider the effects of nitrification inhi-
bition that may be expected with typical grower prac-
tice; therefore, control treatments receiving no N or
treatments using N fertilization rates well in excess
of crop N demand were typically not considered.
Treatments using nitrapyrin well in excess of the
maximum recommended use rate (1.12 kg ai ha™';
Dow AgroSciences 1999) were also excluded from
consideration.

For many of the studies reported, the original re-
sults were summarized in figures. In these instances,
the relevant information for comparisons of nitrapy-
rin effect were translated from graphical to tabular
form by scanning the figures and extracting the data
using UnGraph version 4.0 (BIOSOFT, Cambridge,
UK).

The data from the literature were used to develop a
statistical distribution of relative effect of nitrapyrin
on the indices of interest, from which the grand mean
and standard error in response across studies were
developed and probabilities of nitrification inhibitor
effectiveness were determined.

Results
Grain yield

The database developed describing the effect of
nitrapyrin on grain yield consists of 189 observations
comprising 437 mean comparisons across 158 loca-
tion—years of experiments (Table 1). The preponder-
ance of data are for field corn yield, but yields of
wheat, grain sorghum, and sweet corn are also
included. These data reflect studies conducted princi-
pally in the Midwestern USA, but also include results
from transitional climate zones in the Southeastern
USA and from Europe. The distribution in mean re-
sponse for a given yield comparison ranges from
—20.1 to 60.9%, with 141 of 189 observations
showing a positive effect of nitrapyrin on yield (Fig-
ure 1). The grand mean (* standard error of the
mean) effect represents a relative yield increase from
nitrapyrin of 7.0% (* 0.8%). Although the data de-
scribing the effect of nitrapyrin on yield do not de-
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Table 1. (Continued).

Nitrogen fertilization practice

Reference

Soil (subgroup)

Form®

Method Rate

Time

Crop

Relative Identity

effect
(%)*

(kg ha™)

Blackville SC 1982
Florence SC 1981

6.7

4.5
—34

Bonneau sand (Arenic Paleudults)

Goldsboro loamy sand (Aquic Paleudult)
Dothan sandy loam (Plinthic Paleudults)

Florence SC 1982
Sumter SC 1981
Sumter SC 1982

3.1

23.0

# [(effect with nitrapyrin — effect without nitrapyrin) x 100/effect without nitrapyrin]; b AA, anhydrous ammonia; AN, ammonium nitrate; AS, ammonium sulfate; CN, calcium nitrate;

DM, dairy manure, SM, swine manure; UAN, uryl ammonium nitrate.

scribe an effect on reduced environmental loss of
fertilizer N per se, they are an integrated measure of
N availability during the crop cycle and, therefore, are
directionally indicative of N lost from the agroeco-
system (increased N availability to the crop represents
N which was not lost from the root zone).

Inorganic N in the root zone

In comparison to the database for yield response, that
for inorganic N in the root zone is somewhat more
limited (50 observations comprising 43 location—
years of experimental results reflecting varied annual
or season-long sampling strategies; Table 2). Results
are also more variable, ranging from —39.8 to
135.3%. The grand mean ( = standard error) effect
for nitrapyrin to increase inorganic N retained in the
root zone is 28.2% ( * 5.4%) relative to N retention
in the absence of a nitrification inhibitor (Figure 2).
Thirty-nine of 50 observations show a benefit from
nitrapyrin in terms of increased year-long or seasonal
inorganic N retention in the root zone and, conse-
quently, reduced N loss from agroecosystems. These
data largely represent soil N retention during the crop
cycle in which nitrapyrin is applied; therefore, they
do not indicate the long-term fate of seasonally
retained N within the agroecosystem.

N leached from the root zone

The database for N leached from the root zone con-
firms the trend for nitrapyrin application with fertil-
izer or manurial N to increase yield and root zone N
retention (Table 3). Twenty-four observations com-
prising 26 location—years of experimental results de-
scribe N occurrence in percolates or in soil sampled
from below the root zone. As with measurements of
inorganic N within the root zone, these data largely
reflect the leaching of N that occurs within the crop
cycle when a nitrification inhibitor is used. The rela-
tive percent N leached when nitrapyrin was used
ranges from —42.6 to 31.7. The grand mean (%
standard error) effect is — 15.8% (£ 3.8%), indica-
tive of reduced N transport in soil percolates. Nine-
teen of 24 observations show a benefit from nitrapyrin
in terms of decreased year-long or seasonal inorganic
N loss out of the root zone (Figure 3).
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Figure 1. Frequency distributions describing the relative change in crop yield attributable to nitrification inhibition for comparisons of N

fertilization with and without nitrapyrin (mean
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Figure 2. Frequency distributions describing the relative change in root zone N retention attributable to nitrapyrin for comparisons of N

fertilization with and without nitrapyrin (mean

Volatilization of greenhouse gases

A somewhat more limited set of data describes the
relative impact of nitrapyrin use on N loss to the at-
mosphere (Table 4). Nitrapyrin may contribute to re-
duced emission of gases from agricultural soils
through a variety of direct and indirect mechanisms
and, therefore, the nature and the particular volatile
compound that is considered governs the magnitude
of the effect attributed to nitrapyrin. Denitrification
losses of N in the form of N,O are the most directly
attributable to inhibition of nitrification, whereas ef-
fects on CH, emission will be more indirect through

; standard error «eeeveveeenes ).

shifts in microbial processes in the agroecosystems
(13 of the comparisons summarized in Table 4
describe NO, efflux and 1 describes CH, efflux). In
any event, overall these data demonstrate an effect of
nitrapyrin to reduce atmospheric emission of green-
house gases with an overall mean ( = standard error)
effect of —51.2% (= 4.0%) (Figure 4).

Discussion

A large body of literature describes the performance
of nitrification inhibitors in terms of crop response
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Figure 3. Frequency distributions describing the relative change in N leached from the root zone attributable to nitrapyrin for comparisons of
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Figure 4. Frequency distributions describing the relative change in greenhouse gas emissions attributable to nitrapyrin for comparisons of N

fertilization with and without nitrapyrin (mean

and N fate within agronomic ecosystems. Consider-
able variability in response is reported from individ-
ual research findings and is anticipated based on the
numerous crop, environment, and management fac-
tors that in combination contribute variability to the
processes whereby N is cycled and utilized within
crop production systems. When described in terms of
relative responses among diverse experiments, indi-
ces of N loss indicate a consistent effect of nitrifica-
tion inhibitor use in conjunction with N fertilization.
The distributions of effects when compared across
various indices of N loss (Figure 5) show that for
=75% of the comparisons considered, nitrapyrin in-
creased annual or season-long N retention in the crop

; standard error

root zone, increased crop yield, decreased N leaching
from the root zone, and decreased volatilization of
greenhouse gases.

On a regional basis over time, factors such as ni-
trogen fertilization practice (rate, timing, source,
placement), soil factors (texture, organic matter con-
tent, pH), and environmental conditions (soil cover,
temperature, moisture) combine to influence the
overall performance of a nitrification inhibitor. The
integrated effect of these factors on nitrapyrin
performance is represented by the meta-evaluation of
diverse studies that in combination describe the an-
ticipated effect of sustained use of nitrification inhibi-
tors in a region over time. The observed variance in
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Figure 5. Comparative distribution of nitrapyrin effect, expressed as relative percent of the change attributable to nitrapyrin, for four indices
of N mobility. Box plots represent the 10, 25, 50, 75, and 90" percentile effect with mean (dotted line) and outliers (upper and lower 10

percentile of distribution).

the response elements considered reflects the varied
source data representing a wide range of environ-
ments and management scenarios where a nitrifica-
tion inhibitor may be used. Conditions of use
including fertilizer timing, source, and placement as
well as environmental properties such as soil cover,
temperature, and moisture content affect the physico-
chemical and biological performance of the nitrifica-
tion inhibitor (Wolt 1999) as well as the overall
nitrogen cycle.

In approximately 25% of the instances considered,
use of a nitrification inhibitor did not positively affect
agronomic or environmental performance. These in-
stances may represent situations where environmen-
tal conditions were not conducive to N losses from
the agroecosystem (Blackmer and Sanchez 1988), or
they may represent situations where nitrification in-
hibitor use in conjuction with fertilization practice re-
sults in N loss through ammonia volatilization
(Thompson et al. 1987). Examples of the latter would
be fertilization strategies involving N forms (urea or
ammonium fertilizers), placements (surface applica-
tion), and timings (fall applications) as well as pro-
longed periods where soils are warm and moist,
allowing for ammonia volatilization (Brink et al.
2000; Harrison and Webb 2001). As a consequence,
the positive aspects of nitrification inhibition in
reducing N leaching and reduced greenhouse gas
evolution must be balanced against the potential

negative effects of environmental acidification
through soil ammonia efflux.

This analysis has considered the agronomic and
environmental effectiveness of nitrapyrin, a widely
studied product with a long history of use for nitro-
gen inhibition in the intense corn production regions
of the Midwestern USA. Nitrapyrin is representative
of a broad class of compounds that act as nitrification
inhibitors and that appear to affect the initial rate lim-

iting step of nitrification involving NH; oxidation:

Nitrosomonas

2NH; + 30, — 2NO; + 4H" + 2 H,0.

Alternative forms of nitrification inhibitors (for ex-
ample, dicyandiamide, ammonium thiosulfate, and
etridiazol) can be expected to have similar relative
responses as has been considered here for nitrapyrin.
The performance of any of these, as compared to ni-
trapyrin, will vary dependent on considerations of
physico-chemical properties, efficacy, and persistence
in various environments and management regimes.
For instance, comparative differences in field per-
formance of different nitrification inhibitors have
been attributed to physical (volatility) and biological
(efficacy and persistence) properties as affected by
factors such as surface cover, timing of application,
and method of placement (Malzer 1989; McTaggart
et al. 1997; Goos and Johnston 1999).



40
Conclusions

A comprehensive assessment of nitrapyrin effect on
indices of N loss from agricultural ecosystems shows
that despite the anticipated variability in response
there is a positive impact on N use efficiency and
consequently N loss when viewed from the perspec-
tive of impact within a region over time. These find-
ings are of special consequence to the potential for
nitrification inhibitors to be effectively employed for
mitigating the adverse consequences of N loss from
soils receiving inputs of N fertilizer or manure. Field
research to date has focused primarily on the impact
of nitrification inhibition at the agronomic scale over
rather short timeframes, whereas the potential benefits
of nitrification inhibitor use in relation to N loss to
ground and surface water or to the atmosphere need
to be considered at the scale of a sensitive region,
such as a watershed, over a prolonged period of use.
The results reported here suggest that nitrification in-
hibition when considered within this context can
positively contribute to reduced NO; and greenhouse
gas losses from agricultural lands. These benefits
must be considered within the context of overall goals
for abatement of N losses through agricultural best
management practices.
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