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Abstract. The increasing atmospheric NoO concentration and the imbalance in its
global budget have triggered the interest in quantifying N, O fluxes from various ecosystems.
This study was conducted to estimate the annual NoO emissions from a transitional
grassland-forest region in Saskatchewan, Canada. The study region was stratified according
to soil texture and land use types, and we selected seven landscapes (sites) to cover the
range of soil texture and land use characteristics in the region. The study sites were, in turn,
stratified into distinguishable spatial sampling units (i.e., footslope and shoulder complexes),
which reflected the differences in soils and soil moisture regimes within a landscape. NoO
emission was measured using a sealed chamber method. Our results showed that water-filled
pore space (WFPS) was the variable most correlated to NoO fluxes. With this finding, we
estimated the total N, O emissions by using regression equations that relate WFPS to NyO
emission, and linking these regression equations with a soil moisture model for predicting
WEPS. The average annual fluxes from fertilized cropland, pasture/hay land, and forest areas
were 2.00, 0.04, and 0.02 kg N,O-N ha~! yr‘l, respectively. The average annual fluxes for
the medium- to fine-textured and sandy-textured areas were 1.40 and 0.04 kg N, O-N ha~!
yr‘l, respectively. The weighted-average annual flux for the study region is 0.95 kg NoO-N
ha~1 yr=1. The fertilized cropped areas covered only 47% of the regional area but contributed
about 98% of the regional flux. We found that in the clay loam, cropped site, 2% and 3% of
the applied fertilizer were emitted as NoO on the shoulders and footslopes, respectively.

Introduction

N;O contributes 5% of the global warming potential in the assessment of the
greenhouse effect (Rodhe 1990). It has also been implicated as the major
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natural regulator of the stratospheric O3 (Crutzen & Ehhalt 1977), which
controls the earth’s ultraviolet-B radiation balance. The atmospheric N,O
concentration has been rising over the last twenty years at the rate of 0.25%
yr~! (Khalil & Rasmussen 1992), and its global budget seems to be not in
balance (estimates of global sources are 30% lower than estimates of global
sinks; Watson et al. 1990; Robertson 1993). The imbalance in its global
budget could be due to the lack of information on fluxes from other important
ecosystems. For example, in areas of semiarid to subhumid cold conti-
nental climate (i.e., Prairie Provinces of Canada — Alberta, Saskatchewan,
and Manitoba), data on N,O emissions are scanty. From these areas, N,O
emissions from undisturbed natural ecosystems are also not known. In
Saskatchewan, earlier studies on N losses from agricultural soils mainly
focused on denitrification. Denitrification is only one of the processes
contributing to N,O production in the soil, and denitrification losses cannot
just simply be related to N,O evolution (Weier et al. 1993).

The major difficulty in quantifying annual N,O fluxes at the landscape
and regional scales is the high degree of spatial and temporal variability of
N,O emission. Many recent review papers (e.g., Schimel et al. 1988; Matson
et al. 1989; Groffman 1991; Robertson 1993; Schimel & Potter 1995) have
addressed investigation strategies for dealing with the characteristically high
variability of N,O emission. Improved assessment of N,O emission requires
techniques for reducing random variation within experimental units (e.g.,
landscape), and knowledge of the factors that result in systematic variation
among landscapes and across seasons. To address these investigation strate-
gies, we measured N,O emission from 1993 to 1995 in seven sites selected
to cover the range of soil texture and land use characteristics in a transitionai
grassland-forest region of the Black soil zone (Udic Borol}) in Saskatchewan,
Canada. The selection of the study sites in the delineated study region (about
63 km by 74 km) was governed by the present understanding of the regional
controls on N,O emission. Both field-based research (Groffman & Tiedje
1989; Mosier et al. 1996) and existing models of N, emission (Li et al.
1992; Parton et al. 1996; Potter et al. 1996) suggest that soil texture and
land use exert a strong, indirect control on N,O emissions at the regional
scale. Soil texture was the proxy variable used to represent the differences in
soil moisture regimes and soil fertility, whereas land use was the surrogate
variable used to reflect the differences in N and C availability.

Our study region was stratified into three main textural areas: moderately
fine to fine (primarily glacio-lacustrine clay to clay loam parent sediments),
medium (primarily glacio-lacustrine silts to very fine sands), and sandy areas
(primarily glacio-fluvial sands; Acton & Ellis 1978). Clay loam, fine sandy
loam, and sandy study areas were chosen to represent the aforementioned
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three textural areas, respectively. In the clay loam area, a long-term (broken
prior to 1920) cropped site, a pasture, and a forest site were selected. In the
fine sandy loam area, a long-term cropped site was chosen, and in the sandy
area, a cropped site, a pasture, and a forest site were selected.

The study sites were, in turn, stratified into two spatial sampling units (i.e.,
shoulder and footslope complexes) from which measurement of N,O fluxes
and comparison of activity among sites were based. These two sampling units
represented the two major soil-landform assemblages in the study sites: the
shoulder complex of which Orthic Regosols (Typic Udorthent) and Orthic
Black Chernozems (Udic Haploboroll) dominate, and the footslope complex
of which aside from Orthic Black Chernozems, Gleyed Black Chernozems
(Udic Haploboroll) and Gleysols (Typic Haplaquoll) also occurred (Corre
1997). These soil-slope associations reflect the action and interaction of
hydrological and geomorphic processes, which showed a progression from
the dry to the wet soils on the shoulder to the footslope complexes (Pennock
et al. 1987).

From this transitional grassland-forest region, the landscape and seasonal
patterns of N, O oxide emission and the factors controlling such patterns were
reported earlier (Corre et al. 1996). The data (N,O fluxes measured at discrete
sampling days) from Corre et al. (1996) were used in the present study to
estimate the annual N, O emissions at the landscape and regional scales using
simple integrative method for seasonal interpolation of fluxes and geographic
information systems for spatial extrapolation of fluxes.

Materials and methods

Site description, and measurement of N O fluxes, soil and climatic variables

In the clay loam area, the cropped site was seeded to unfertilized canola
(Brassica rapa L.) in 1993 and to fertilized wheat (Triticum aestivum L.)
in 1994 (fertilized with 28 kg N ha~! (anhydrous NH3) at seeding (May 11)
and 57 kg N ha™! (urea) at seedling stage (June 10)). The clay loam, pasture
and forest sites were situated adjacent to each other. The pasture site (con-
verted from forest 20 years previously) was located on the shoulder portion
of the landscape and was dominated mainly by smooth bromegrass (Bromus
inermis Leysser). The forest site was located on the footslope portion of the
landscape and was occupied by aspen (Populus tremuloides Michaux). The
N,O emissions from these three sites were measured from May 1993 to May
1995. In the fine sandy loam area, the cropped site was planted to canola and
was fertilized with 62 kg N ha™! (anhydrous NH3) at seeding (15 June 1994).
The N,O emissions from this site were measured from May 1994 to May
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1995. In the sandy area, the cropped site was planted to oat (Avena sativa
L.) and was fertilized with 45 kg N ha~! (ammonium sulfate) at seeding (10
June 1994). The sandy, pasture site was seeded to alfalfa (Medicago sativa
L.), and the sandy, forest site has continuous aspen cover. The N, O emissions
from these three sites were measured from June 1994 to May 1995.

During summer, N,O emissions were measured thrice a month. In fall,
measurements were taken once a month until the activity was undetectable
(when the soil was frozen (October) and later on covered with snow (early
November)). Measurements were resumed at weekly interval during the
spring thaw. On any given sampling day, N,O emissions were measured from
all sites at the same time of the day (between 10:00 a.m. to 2:00 p.m.).

Direct in-field measurement of N,O emission was carried out using a
sealed chamber method. At each shoulder and footslope complexes, at least
ten sampling points were selected randomly from a grid sampling design
with 15-m spacing, so that any sampling points that happened to be selected
adjacent to each other had a distance of 15 m. The description of the sealed
chamber, gas sampling method, N,O concentration analysis, and calculation
of vertical flux density were reported earlier (Corre et al. 1996). The water-
filled pore space (WFPS; ratio of the volumetric moisture content to the total
pore space) was measured in all N,O sampling days, except when the soil
was covered with snow. Soil mineral N (NHJ, and NO; + NO;) and solu-
ble organic C were measured once a month and were determined following
the procedures described in Pennock et al. (1992). Other soil characteristics
(Table 1) were also measured at the start of the study. All soil variables were
measured at 0 to 15-cm depth. Precipitation and air temperature (at 1.5 m
above the ground) were recorded continuously by an on-site meteorological
station located in the center of the study region. The region has mean January
and July air temperatures of —20 °C and 16 °C, respectively. The total rainfall
was 388 mm in 1993 and 401 mm in 1994. The total snowfall was 90 mm
from fall 1993 to spring 1994 and 147 mm from fall 1994 to spring 1995.
Based on the 50-yr climatic record of this study region, the total precipitation
and air temperatures in 1993 to 1995 were in the normal range.

Temporal interpolation of fluxes from summer to fall and in spring

As shown in our earlier study (Corre et al. 1996), we observed similar
seasonal patterns of N,O emissions and soil moisture, which were related
to the rainfall distribution pattern during the summer and to the melting of
snow and thawing of soil during the spring. The N,O emission increased
towards early summer (about 70% of the total annual rainfall occurred from
late May to mid-July), decreased towards late summer (only low levels of
rainfall occurred intermittently from late July to September), and ceased by
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the onset of frost in fall. The presence of frozen soil layer and snow cover dur-
ing fall to winter had prevented gas efflux during this period. N,O emission
activity was only again detected in spring (the start of spring thaw generally
occurred in mid-March; Corre et al. 1996). This seasonal fluctuation of N,O
emission illustrates that a simple interpolation between discrete sampling
days would not give a good estimate of total N,O emission during summer to
fall (i.e., May to October). One reliable method of temporally interpolating
fluxes could be that of relating N,O emissions with WFPS (i.e., regression
equations) and linking these regression equations with a soil moisture model
for predicting WFPS. A simple soil moisture model, Versatile Soil Moisture
Budget (VSMB), that has been tested to work in Saskatchewan (Elliott &
de Jong 1992) was used. Estimates of N,O emissions from May to October
were obtained by summing the predicted daily N,O fluxes from the regression
equations, in which the WFPS values were simulated using the VSMB. For a
particular study site, the simulation of WFPS by VSMB was done during the
year in which the N,O emissions were measured.

The VSMB was adapted from the modified version of Elliott & de Jong
(1992). The driving soil variables for VSMB are soil texture, saturation mois-
ture content, field capacity, and permanent wilting point (Table 1), while the
driving climatic variables are daily rainfall, and daily maximum and mini-
mum air temperatures (taken from the climatic station located at the center of
the study region). The maximum and minimum daily air temperatures were
used to predict latent evaporation following method I of Baier & Robertson
(1965). Latent evaporation was converted to potential evapotranspiration
using a crop factor which depended on the nature of the crop and its growth
stage (Krogman & Hobbs 1976). Evapotranspiration extracted water until
the permanent wilting point was reached. Texture and land use were used
as the basis for partitioning the rainfall into infiltration and runoff, referring
to the Soil Conservation Service Method discussed by Schwab et al. (1993).
Following rain, soil moisture was allowed to increase to the saturation mois-
ture content and drainage occurred when the soil was between saturation and
field capacity. For the clay loam and fine sandy loam sites, it was assumed
that 75% of the moisture excess of the field capacity drained in 24 h and that
field capacity was reached in 2 d. For the sandy sites, it was assumed that
100% of the moisture excess of the field capacity drained in 24 h. At the end
of each day, the gains and losses of water were summed and new moisture
contents were calculated.

The total N, O emission in spring (i.e., mid-March to April) was estimated
using simple interpolation of fluxes (i.e., trapezoidal quadrature calculation)
measured at discrete sampling days. It is not possible to predict NoO emis-
sions from WFPS during the spring using only a simplified soil moisture
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model (i.e., VSMB) that does not deal with the detailed soil water dynamics
(e.g., fractions of snow melting, depth of soil thawing, snow redistribution,
etc.) during the spring thaw period. The trapezoidal quadrature calculation,
however, is considered appropriate for estimating the total N,O emission in
spring because the N,O flux measurements were taken often enough that they
clearly showed the beginning, peak, and end of the spring activity (Corre et
al. 1996).

Spatial extrapolation of annual N, O emissions from landscape to regional
scale

The ‘measure and multiply’ method was used in scaling-up annual N,O fluxes
from landscape to regional scale, as described by Schimel & Potter (1995).
This method was employed using geographic information system (GIS) tech-
nology where the maps of the ecological variables proven to control N,O
emissions (i.e., land use (Figure 1) and soil texture (Figure 2)) were overlaid
to form discrete spatial classes or cells. The land use types in the study region
were characterized from a LANDSAT 5 thematic mapper image, containing
bands 3 (red, 0.63-0.69 pum), 4 (near infrared, 0.76-0.90 pm) and 5 (middle
infrared, 1.55~1.75 pum). This image of the study region was acquired on a
cloud-free day (9 August 1991). The Earth Resources Data Analysis Systems
(ERDAS Inc., Atlanta, GA) software was used in the image processing and
classification. The image was classified using a combination of supervised
and unsupervised classification methods. The accuracy of the classification
was evaluated by using one hundred ground points of known land use type
(different from those used in the classification), and a classification accuracy
of 85% was obtained. The data on soil texture were obtained from various
sources: ARC/INFO and PAMAP GIS products, and from soil survey maps
(encoded into GIS framework using a graphic digitizer). These information
were combined into one GIS format using the Spatial Analysis Systems
(SPANS; INTERA TYDAC Tech. Inc., Ottawa, Canada). Finally, the land use
information was integrated into SPANS, and a matrix of soil texture and land
use types was created. The aerial coverage of each class was determined, and
these spatial classes were filled with their corresponding annual N,O fluxes.
The measure and multiply method is expressed in equation form as:

F=%[AiTi]

where F is the total flux, A/ is the area of the spatial class i (i.e., specific soil
texture and land use characteristics), and Fi is the annual flux from spatial
class i. Critical to this approach is the assumption that the N,O fluxes of the
investigated sites are the typical NoO emission activities of the soil texture
and land use categories throughout the study region.
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Statistical analyses

The correlation analysis between N,O fluxes and measured WFPS, NHy,
NO; + NOj3, soluble organic C, rainfall, and maximum air temperature had
used the central tendency values of the soil variables on each sampling day
(i.e., median of at least ten sampling points on each landform complex at each
site), and was conducted considering all the sampling days when both the
N,O emission and the corresponding variable were measured. The regression
equations between N,O fluxes and WFPS were also obtained by considering
the median values and was conducted for the data gathered within May to
October, as these regression equations were intended to integrate N,O fluxes
also within May to October. The use of the median values could result to
a conservative nature of our estimates; however, this conservative statistical
measure was preferred in dealing the non-normal nature of N,O flux data
with limited sample numbers.

Results and discussion

Relationships between N,O emissions and soil and climatic factors

The measured WEFPS was the factor most strongly correlated to N, O emission
(Table 2). Related to this factor is the rainfall, which correlated to N>O emis-
sions in the unfertilized cropped, pasture, and forest sites. In the fertilized
cropped sites, rainfall did not show significant correlations because of the
confounding effect of fertilization. For example, a particular rainfall level
occurring immediately after fertilization showed much higher N,O fluxes
than with the same rainfall level occurring farther from the time of fertiliza-
tion. There was no clear relationships of N,O emissions with soil mineral N
and soluble C. Others (Schimel et al. 1989; Matson & Vitousek 1990; David-
son & Hackler 1994; Mosier et al. 1996) have also shown that it is difficult to
directly correlate in situ N,O fluxes to soil mineral N contents, and that N,O
emissions are related more to the soil N turnover rate rather than mineral
N pool size. The lack of significant correlations between N,O emission and
temperature has also been observed in other studies (Myrold 1988; Parsons
et al. 1991), and in the present study was a probable consequence of the high
N,O fluxes even at below-zero temperatures in spring.

Predictive relationships for interpolating N, O fluxes from summer to fail

Separate regression equations (relating N,O emissions to WEFPS) were
obtained for different land use types to reflect their differences in N and
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Figure 3. Relationship between field-measured N> O emissions and water-filled pore space in
the clay loam, fertilized wheat and fine sandy loam, fertilized canola sites on the shoulder
complex. Each point is a median value of at least ten sampling points.

C availability and thereby eliminating the need for substrate parameters in
the regression equations. For a particular land use type, separate regression
equations were obtained for different soil textures and landform complexes
if the N,O fiuxes from these sampling units have differed (Table 3; graphical
example in Figure 3). If otherwise, a land use type was represented only by a
single regression equation. The VSMB (for simulating the WFPS), however,
was always run separately for each soil texture and landform complex,
considering its respective soil characteristics (i.e., texture, saturation moisture
content, field capacity, and permanent wilting point; Table 1) that drive the
VSMB. The 7 values of the regressions between NoO emission and WFPS,
although low, are considered respectable, in reference to what others have
obtained from field-based studies of N,O emission. Mosier et al. (1996)
obtained 7 values of 0.23 and 0.29 between N,O fluxes and WFPS (measured
from May to October in semiarid Colorado) from fertilized and unfertilized
pastures, respectively.

For the pasture and forest sites, the N,O emissions were comparable
between sites (i.e., between sandy and clay loam sites) and within sites (i.e.,
between landform complexes in the sandy sites). Hence, the pasture and forest
sites were represented each with regression equations that combine the N,O
flux data of both textural sites. There was a good correlation between the



41

Table 3. Regression equations between NoO fluxes and water-filed pore space (WFPS) that
were used in interpolating N,O fluxes (1g N2O-N m™~2 day~!) from summer to fall. The
WEPS was predicted using the Versatile Soil Moisture Budget.

Land use Regression Coefficient of
equations determination, 2
Pasture (clay loam and sandy sites) N,O =27 WFPS — 7 0.23**
Forest (clay loam and sandy sites) N, O =30 WFPS — 9 0.35%**
Unfertilized cropped (clay loam site)
Shoulder NyO =139 WFPS — 63 0.45%%*
Footslope N,O =745 WFPS — 388 0.51%**
Fertilized cropped
Sandy N;0 =82 WFPS — 6 0.20*
Clay loam & fine sandy loam
Shoulder N,0O =2527 WFPS ~ 1127  0.55%**
Footslope NoO = 7454 WFPS — 3414  0.24**

measured and predicted WFPS from these sites, ranging from 0.62 (P = 0.05)
in the sandy, pasture site to 0.81 (P = 0.001) in the clay loam, forest site.

For the unfertilized cropped (canola) site in the clay loam area, separate
regression equations were obtained for the shoulder and footslope complexes
because the N,O emissions between these landform complexes differed. A
similar pattern on measured WFPS was also observed. The measured and
predicted WFPS showed correlation coefficients of 0.67 (P = 0.01) on the
shoulder and 0.57 (P = 0.05) on the footslope.

For the fertilized cropped (oat) site in the sandy area, the N, O emissions
between the landform complexes were not different. A similar result was
observed with the measured WFPS in all the sandy sites. This could indicate
that soil water redistribution as influenced by topography in these sites with
>80% sand (Table 1) was only minimal if not absent. Because the WFPS
(which controls the aeration status of the soil) did not differ, this also might
have resulted to the comparable N,O fluxes between the landform complexes
from the sandy sites. The N,O emissions from these sandy sites differed
between landform complexes (higher on the footslopes than on the shoulders)
only during the spring, when the snow redistribution by wind had resulted in
higher snow accumulation and wetter conditions on the footslopes than on the
shoulders. The correlation coefficients between the measured and predicted
WEPS from this sandy, fertilized oat site were 0.72 (P = 0.01) on the shoulder
and 0.79 (P = 0.001) on the footslope.
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For the fertilized cropped sites in the clay loam and fine sandy loam area,
the N,O fluxes differed between landform complexes (lower fluxes on the
shoulder than on the footslope complex). However, the N, O fluxes from both
textural sites did not differ when compared at the landform complex level.
Similar results were also observed for the measured WEFPS. The correlation
coefficients between the measured and predicted WFPS were ranging from
0.37 (P = 0.07) on the shoulder complex of the fine sandy loam site to 0.72
(P =0.001) on the shoulder complex of the clay loam site.

Annual estimates of NoO emissions

The estimates of annual N,O emissions from the pasture sites {(Table 4) were
about half of the estimates from other studies: 0.100 kg N,O-N ha=! yr~!
for Wisconsin prairie (Goodroad & Keeney 1984), and 0.142 kg N,O-N ha~!
yr~! for Colorado shortgrass steppe (averaged from fertilized and unfertilized
pastures; Mosier et al. 1996). The estimates of annual N, O emissions from the
forest sites were within the range of the estimates from pine and hardwood
forest in the northeastern U.S., which were 0.010£0.015 and 0.017£0.017
kg NoO-N ha~! yr!, respectively (Bowden et al. 1990). On the other hand,
Elliott & de Jong (1992) reported total denitrification losses (measured by
C,H, incubation method) of 1.0-1.4 kg N ha=! on the shoulders and 7.6-12.8
kg N ha™! on the footslopes from fertilized cropped sites in loam-textured
Black soil zone (Udic Boroll) of Saskatchewan, Canada. In the present study,
the estimates of N,O emissions on the shoulders at the clay loam and fine
sandy loam, fertilized cropped sites were comparable to their estimates of
total denitrification losses. However, the estimates of N,O emissions on the
footslopes were about an order of magnitude lower than their estimates of
total denitrification losses. These findings imply that on the footslopes, where
reduced-O, conditions are common, N,O emissions could be lower than total
denitrification losses because of further reduction of N,O to Ny.

In Ontario, Canada, Burton & Beauchamp (1994) examined the profile of
N,O concentrations in a soil subject to freezing. They observed accumula-
tions of N,O during the winter in the soil beneath the frozen layer. The pulse
of activity in spring was attributed, in part, to the thawing of the frozen layer
that permit release of N,O trapped below it. In the present study, we measured
N;O emissions intensively during the spring (i.e., mid-March to April). A
pulse of N,O emission activity was detected during the spring thaw, and was
related to the pattern of the melting of snow and thawing of the soil (i.e.,
low N,O fluxes at the start of spring thaw, increased towards the mid-spring
when the soil has the highest moisture content, and decreased towards the end
of spring when the surface soil was already dry; (Corre et al. 1996)). In the
clay loam and fine sandy loam, fertilized cropped sites, the spring emissions
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accounted for an average of 9% and 15% of the annnal N,O fluxes on the
shoulders and footslopes, respectively. In the sandy, fertilized oat site, the
spring emissions contributed 57% and 85% of the annual N,O fluxes on the
shoulders and footslopes, respectively. In the uncultivated sites (pasture and
forest sites), the averaged contributions of spring emissions to annual N,O
fluxes were 47% on the shoulders and 60% on the footslopes. Therefore,
where labor limitation is an issue in obtaining representative measurements
for annual estimate of N,O emission, sampling effort in low-flux socils (e.g.,
forest, pasture, and sandy soils) could be focused during the spring period
when most of the N,O is evolved, while N,O sampling in high-flux soils
(e.g., fertilized, fine-textured soils) should be intensive during the growing
season and the spring period when the effect of soil moisture combined with
fertilization occurred.

The fertilizer-induced N,O emission (% N,O-N = {[annual N,O flux from
fertilized cropland — annual N,O flux from unfertilized cropland]/fertilizer
rate}) was calculated from the clay loam site, where emissions during both
unfertilized (1993 growing season) and fertilized (1994 growing season)
conditions were determined. Considering that 1993 and 1994 had weather
conditions characterizing that of a normal year, it is reasonable to assume
that the background annual N, O flux during the unfertilized condition in 1993
(0.08 and 0.20 kg N,O-N ha~! yr~! on the shoulder and footslope complexes,
respectively) would be similar for 1994, The fertilizer rate applied to this site
(atotal of 85 kg N ha~!) is a typical level that farmers use for this type of soil
in the study region. The estimates of annual N,O fluxes during the fertilized
condition in 1994 comprised 2% and 3% of the applied N on the shoulder and
footslope complexes, respectively.

Regional estimates of N,O emissions

The average annual fluxes for fertilized cropped, pasture/hay land, and forest
areas in this region, weighted by their areal extents in the different textural
areas, were 2.00, 0.04, and 0.02 kg N,O-N ha=! yr~!, respectively. The
weighted-average annual fluxes for the medium- to fine-textured and sandy-
textured areas were 1.40 and 0.04 kg NoO-N ha=! yr~!, respectively. The
weighted-average flux for the study region is 0.95 kg N,O-N ha—! yr=!.
Considering all the textural areas, the pasture/hay land and forest covered
53% of the total area in the study region and contributed less than 2% of
the total regional flux. The fertilized cropped areas covered only 47% of the
regional area, but contributed more than 98% of the regional flux.

The relationships between annual N, O fluxes and soil texture (as exempli-
fied by% sand), soil total N, and soil total organic C (Table 1) were examined
for the fertilized cropped landscapes (Figure 4). The percentage sand was
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used as an index of the gradient of soil moisture regimes in the study region.
The soil total N and organic C are the long-term integrative products of phys-
ical and biological factors, and were used as indices of the gradient of soil
fertility in the study region. The present study showed that soil texture, total
N and organic C explained most of the variations of annual N;O emissions
from fertilized cropped landscapes in this study region. Similar results were
obtained by Groffman & Tiedje (1989), who showed that soil texture and
drainage accounted for 86% of the variation of annual denitrification losses
in temperate forest landscapes. These findings also imply that placing the
mvestigation scheme in the context of the regional-scale factors that control
N,O emission would aid in overcoming the variability problem of quantifying
N,O emission at regional scales.

The calculation of regional-scale estimates based on site-specific data is
always, however, dependent on a large number of assumptions. The sensi-
tivity of the final estimates produced to these assumptions is difficult to
assess, but both the landscape-specific emission estimates based on the
WEFPS-climate relationships and the soil survey/land use database used in
regional extrapolation are subject to error. The development of a rigorous
error estimate for the regional estimates is beyond the scope of this paper
— indeed the degree of accuracy in the standard soil survey reports used
to develop the textural classes remains a contentious point overall in these
‘measure and multiply’ exercises. Clearly the regional estimate produced
would be very susceptible to, for example, variations in the rate of fertil-
izer inputs in the cultivated area of the region; nonetheless we believe the
estimates produced provide a reliable measure of the N, O emission under the
stated assumptions used in our analysis.

In conclusion, our resulits showed that N fertilization in agricultural
systems is the main source of soil-emitted N,O from this study region. Even
in this semiarid to subhumid cold continental region, the fertilizer-induced
N,O emission (2-3% from the clay loam, cropped site) was higher than the
1.25% yr~! recommended globally (Bouwman 1994). We found that WFPS
was the soil variable most correlated to N,O emissions. This prompted us to
use the method of estimating total N,O emissions by using simple regression
equations that relates WFPS to N,;O emission. There is, however, no possi-
bility to link this to national inventory calculations. The OECD/IPCC (1991)
program on national inventories of N,O emission has based the calculation
on the fertilizer rate, fertilizer type, and crop type. This calculation method,
however, is greatly limited by the insufficiency of data available at present for
calculating fertilizer type and crop type emission coefficients. We suggest a
simple way of estimating fertilizer-induced N,O emissions from agriculture
by stratification according to soil moisture regime and fertilizer application
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Annual N,O flux (g N,O-N ha! yr)
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Figure 4. Relationships between annual N O fluxes and percent sand (a), total N (b), and total
organic C (c) from fertilized cropped landscapes.
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rates. In Canada, or Saskatchewan in particular, where farmers within a
specific soil and climatic region would apply known amounts of fertilizers
over the years and the soil moisture regime can readily be deduced from soil
maps and GIS soil data base, N>O emissions could be well represented.
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