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Introduction
Anhydrous  ammonia (AA) is widely used as a source of nitrogen fertilizer in the Canadian

prairies, and there is a growing interest in applying AA during the seeding operation. It is
imperative to estimate the magnitude of AA losses at time of application in order to develop
appropriate management strategies. In direct seeding, AA is injected into the soil as a mixture of
gas and liquid. Baker et al. (1959) estimated that at tank temperature of 2 1 ‘C one fifth of the
ammonia is vaporized at the time of injection into the soil. The remaining liquid ammonia also
vaporized rapidly, and unless the ammonia  gas is absorbed by the soil, appreciable losses of
ammonia may occur. In order to better understand the loss processes and learn how to minimize
losses, we need to know the magnitude of the loss as a function of soil variables such as organic
matter (OM), pH, cation exchange capacity (CEC), moisture content, and particle size.
Laboratory studies of anhydrous ammonia losses upon application have been reported by Parr
and Papendick (1966). However, to measure direct losses of ammonia upon application of AA
under field conditions has been difficult due to the lack of a proper methodology (Fox et al.,
1996).

Anhydrous ammonia retention by soils is affected by soil variables such as, OM, pH, CEC,
moisture, percent clay, and their interactions (Sharpe and Harper, 1995). The gradual change of
these variables across a catena may induce variability in AA losses. Anhydrous ammonia
retention by soil increases with increased soil moisture, CEC, organic matter, and percent clay
and decreases with increased soil pH (Tisdale et al., 1985). Losses of AA might be greater in
sandy soils because gases are able to diffuse more freely in the larger pores found in coarse
textured soils. Other factors such as shallow applications, poor closure of injection channel, and
excessive application rates might also induce high losses of AA at time of application. The
objectives of this study were to: (I) estimate semi-quantitative losses of AA at time of application
across a catena, and (ii) determine the underlying factors that control AA losses.

Materials and Methods
To estimate AA losses across a catena, two transects (100 m long) were established at St.

Louis and Wakaw. Each transect was direct seeded with spring wheat (Triticum  aestivum  L. cv.
Pasqua) and subdivided into three strips: an unfertilized control; fertilized with 70 kg N ha“ as
ammonium nitrate (AN) applied with a side banding opener; and 70 kg N ha-’ as AA applied
with the sweep and froc  boot opener.

Forty 1 m* microplots, 2.5 m apart, were established along each strip and labelled  with K-
“NO, at 5 atom % “N. A new technique, using a “N labelied fertilizer reference was used to
semi-quantitatively estimate losses of AA. The 15N labelled  fertilizer reference (K-15N03)  was
applied to the soil prior to seeding and AN and AA application. Subsequent application of
unlabelled fertilizer 14N (i.e., AN and AA) within these “N-1abelled  areas dilutes the “N-label. It
is assumed that no volatilization of AN occurs; therefore, dilution of the “N label is maximized.
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Similarly, if no losses of unlabelled AA occur, the dilution of the “N-label is maximized.
Conversely, if high losses of AA occur, dilution of the *‘N label present in the soil is minimized.
Thus, the degree of dilution of the “N label in the crop samples, taken =35 days after seeding,
fertilized with AA or AN provides a semi-quantitative estimation of AA losses.

Before seeding soil samples from 0 to 20 cm were taken and analysed for soil pH, soil
moisture content, soil available nitrogen (SAN), soil organic matter, particle size, and cation
exchange capacity. Thirty five days after planting above ground plant samples were taken to
estimate atom % 15N excess in plant material. At harvest, plant height, grain yield, and harvest
index were measured.

The statistical analysis was executed by using SAS Programs (SAS Institute, Inc) and the
Spatial library in S-Plus (Stat Sci., Inc) developed by Davis and Reich (August 1996) at the
Colorado State University, Fort Collins, USA. Data was analysed by traditional statistics
(correlation analysis, multiple regression analysis with model selection, and analysis of variance)
and spatial statistics (variogram and variogram fitting, Moran’s I for testing for autocorrelation,
and spatial autoregressive models with regression).

Results and Discussion
At both locations anhydrous ammonia losses varied across a catena. At St. Louis soil pH,

percent silt, and elevation combined explained 72 % of the variability of AA losses (AA losses =
- 179.4 + 27.4 pH + 2.4 silt - 54.6 elevation, R2 =0.72**).  In this case AA losses increased 27.4
% for every unit increase in soil pH,  and 2.4 % for every unit increase in percent silt. Similarly,
AA losses decreased 54.6 % for every metre increase in relative elevation. At Wakaw, however,
percent silt and elevation combined explained 86 % of the variability of AA losses (AA losses =
- 107.0 - 1.3 silt - 23.9 elevation, R2 =0.86**).  In this case AA losses decreased 1.3 % for every
unit increase in percent silt and decreased 54.6 % for every metre increase in relative elevation.

At both locations, the corrected Pearson correlation coefficient between AA losses and soil
moisture, soil available N, organic matter, CEC, percent silt, and grain yield was positive (Table
1). The correlation between AA losses and elevation was negative. The correlation between AA
losses and soil pH was inconsistent across locations. At St. Louis and Wakaw soil pH, percent
clay, percent silt, elevation and grain yield were spatially dependant (autocorrelated) (Table 1).
Soil moisture, soil available N, organic matter, and CEC were spatially dependant only at St.
Louis.

Changes in elevation across the catena explained most of the variability in AA losses. This
suggests that interactions among soil variables induced changes in AA losses across a catena.
Therefore, by Principal Components Analysis an ‘anhydrous  ammonia loss susceptibility index’
(AASI) was calculated. This AASI is an integration of all the soil variables measured at each
sampling point. The correlation between anhydrous ammonia losses and the AASI was highly
significant at St. Louis (0.52**, df = 38) and Wakaw (0.56**,  df = 38), suggesting that a
combination of variables and their interactions may explain variability in AA losses across a
catena. It is likely that, higher soil moisture content combined with high levels of percent clay,
percent silt, and organic matter induced poor sealing of the fertilizer band and higher losses of
AA at lower elevations.

Because of the spatially continuous nature of the landscape, and soil formation processes, it is
not unreasonable to expect that soil and plant measurements taken in close proximity to each
other should be correlated. Also we should expect that spatial variations in one or more variables
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to be related to variations of other variables indigenous to the landscape. The fact that spatial
statistics rely on observations that are autocorrelated allows greater opportunity to explore and
understand biological and physical processes occurring in arable lands (Nielsen and Alemi,
1989).

The nugget effect, sill, and range values for the soil and plant variables measured in this
experiment are given in Table 2. The nugget effect represents the unexplained or random
variance, often caused by measurement error or micro-variability of the property which cannot be
detected at the scale of sampling (Trangmar et al., 1985). A nugget variance of 0 % of sill means
that neither measurement error nor significant short-range variation is present (i.e., soil pH and
organic matter). At distances greater than the range of influence, the variance between
observations (called the sill) remains constant and observations can be considered spatially
independent. The semi-variance increase with distance between sample locations, rising to a
more or less constant value (the sill) at a given separation distance, is called the range of spatial
dependence. If samples separated by distances greater than the range are not spatially related
(autocorrelated), their semi-variance equals the variance which implies random variation
(Trangrnar et al., 1985). Thus, if one wants to take independent samples (non correlated), the
samples should be taken at distances greater than 41.4 m for AA loss (Figure l), 18.2 m for soil
pH, or 7.8 m for soil available N at Wakaw (Table 2).

Results from the transect design shows that models based on spatial dependence between
observations identify AA losses, grain yield, soil pH, soil moisture, soil available N, organic
matter, CEC, percent clay, and percent silt as first-order autorregressive processes moving
through the catena. This study also shows that the spatial variability structure of these variables
could be explained from located field observations combined with state-space models. Thus,
causal connections between soil parameters, AA losses, and plant response can be detected
effectively if space coordinates of observations are included in the analysis. Measuring soil
parameters and their spatial distributions may be useful in identifying the underlying processes
that cause spatial variability in AA losses.

Under conditions where observations are autocorrelated, a small plot design of a field
experiment becomes less powerful to detect differences among treatments. A major part of the
usefulness of a statistical design lies in the ability to detect treatment differences when treatments
are in fact different. In a parallel study, the split-plot design detected significant differences in N
losses among N fertilizer treatments. It failed, however, to detect differences in N losses
between footslopes and shoulders (data not shown). In contrast, the autorregressive model
indicated that AA loss varies with differences in elevation along a catena. With the systematic
variability in soil properties observed along the transect it is less likely that blocking could
account for the non-random variation of the field. Therefore, a transect design with the data
analysed by the autorregressive model could be very useful tool under conditions where blocking
is ineffective.
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Table 1. Pearson corrected correlation coefficients and Moran’s I relationship between anhydrous ammonia losses and soil
characteristics and grain yield for St. Louis and Wakaw transect 1996.

PH Moisture

St. Louis
Pearson
r-correctedx  0 .24 0.54**
Moran’s I” -0.1 1** 0.25**
Spatial
r e l a t i o n s h i p  (+)’ (+)

Soil Organic
available N matter

0.40* 0.48**
0.19** 0.23**

(+) (+)

CEC’ Percent Percent Elevation AA loss
clay silt Indexy

0.51** 0.29 0.49** -0.60** 0.52**
0.28** 0.25** 0.22** -0.29** 0.27**

(+) (+) (+) (+)

Grain yield

0.38*
0.22**

(+)

Wakaw
Pearson
r-corrected -0.66**  0.59**
Moran’s I -0.09* 0.00
Spatial
relationship (+)

0.66** 0.58** 0.57** -0.66** 0.58** -0.80** 0.56** 0.64**
0.06 -0.0 1 -0.04 -0.12** -0.04 -0.18** -0.04 0.03

(+) (+) (+) (‘)

’ CEC= Cation exchange capacity.
y AA loss index = an index that integrates all soil properties.
’ Corrected for autocorrelation.
w Moran’s I = Measures autocorrelation.
” (+) Indicates spatial dependence of the variables.
*, ** Significant at the 0.05 and 0.01 probability levels, respectively.
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Table 2. Variogram parameters for plant and soil variables measured at St. Louis and Wakaw transects 1996. Fitted spherical models.

Variable Nugget Sill Range
St. Louis Wakaw St. Louis Wakaw St. Louis Wakaw

Anhydrous ammonia loss 428.8 303.3
Grain yield 41423.1 158705.5
Harvest index 2.2 3.0
Plant density 202.6 296.0
Plant height 11.8 17.7
Soil pH 0.0 0.0
Moisture 13.0 4.8
Available soil N 18.7 5.6
Organic matter 0.3 0.2
Cation exchange capacity 3.1 1.1
Percent clay 6.5 0.2
Percent sand 17.5 2.9
Percent silt 17.2 2.2

Units 2
1572.6 585.7

93412.8 626836.0
4.2 6.7

364.5 952.5
40.2 50.7

0.2 0.1
48.5 14.8
56.5 16.1

3.4 1.3
23.4 8.6
21.5 2.0
77.6 34.8
47.9 25.0

28.5
10.3

5.1
7.2

20.7
16.7
14.3
16.3
19.9
17.3
33.1
48.7

104.0

m
41.4

7.0
1.9
6.8
1.4

18.2
8.7
7.8

10.4
10.7 2

m
10.8
12.1
15.4
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