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Abstract Pulse crops represent an ever-increasing
proportion of cropping systems in the Northern Great
Plains. Previous studies have noted apparent benefits
associated with pulse crop production that extend
beyond the reduced need for N fertilizer in the year of
production; these benefits have been attributed to the
quality of pulse residues and their effects on N
dynamics in subsequent years. This study used isotope
dilution techniques to quantify the N-cycling effects of
pulse crops in the rotation. Gross N mineralization was
measured over three growing seasons at two Agricul-
ture and Agri-Food Canada research sites in Saskatch-
ewan, Canada: Scott (four rotations; one with pulse
crop) and Swift Current (three rotations; one with
pulse crop). Gross nitrification and the relative con-
tribution of nitrification vs. denitrification to N,O
emissions were also measured. Across all dates and
rotations, the average gross mineralization rate at
Scott was 2.0 + 4.0 mg NH,"-N kg~' soil d~' and at
Swift Current was 1.4 & 3.9 mg NH,"-N kg~' soil
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d™'. At both sites, rates were highly variable across the
growing season, but tended to be higher at anthesis
than either pre-seeding or post-harvest. The only
significant difference among rotations was at Swift
Current, where the fertilized continuous wheat rota-
tion had the highest gross mineralization rates (rota-
tion average: 2.3 mg NH,"-N kg~ ' soil d~"). The lack
of difference among most rotations was particularly
notable given the differences in residue quantity
among the crops. Ultimately, the lower quantity of
residues produced by pulse crops appears to be offset
by their higher quality.

Keywords Isotope dilution - Field pea - Lentil -
Canola - Wheat - Chernozem

Introduction

Cropping systems in the Northern Great Plains have
changed considerably since the beginning of agricul-
tural production. Management modifications in these
systems can have a profound effect on agro-ecosystem
sustainability due to the scale of production; Sas-
katchewan alone has over 26 million ha of cropland in
agricultural production (Statistics Canada 2006). In
recent years, there has been an unprecedented shift to
pulse and oilseed crops in dryland cropping regions
(Miller and Holmes 2005); therefore, new interest has
developed regarding the effects of these crops on soil
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processes, such as N cycling, and the effect of pulse
crops on subsequent crops in rotation (Miller et al.
2006; Tanaka et al. 2007; Malhi et al. 2009).
Depending on conditions, pulse crops such as field
pea (Pisum sativum) can biologically fix up to 90 % of
their total plant N from the atmosphere (Walley et al.
2007). In contrast, canola N requirements are com-
monly met through the use of synthetic N fertilizers at
recommended application rates as high as
120 kg N ha™! for maximum seed yield (Gan et al.
2007). The reduced fertilizer N input for the pulse
production year might not be the only benefit received
from including pulse crops in rotation. Given that most
of the fixed N is removed with the high-protein grain,
yield benefits to crops following field pea have
typically been attributed to N mineralized from field
pea residue (Stevenson and van Kessel 1996; Beckie
et al. 1997; Raun and Johnson 1999; Johnston et al.
2005; Miller and Holmes 2005). However, these N
benefits are highly variable from year to year and are
not consistent across all pulse crops (Walley et al.
2007).

Pulse N contribution is most commonly assessed by
measuring soil N pools rather than processes. For
example, Soon and Arshad (2004) reported spring
available N concentrations were higher in rotations
following legumes than cereal crops. Although net
mineralization provides an index of plant available N,
it does little to explain the total amount of N cycling
between organic matter and soil inorganic N (Robin-
son 2001). Gross rate measurements on the other hand,
provide estimates of the total release of mineral N
from a given pool. Gross processes of mineralization
(ammonification), nitrification and consumption occur
simultaneously in the soil, and their relative magni-
tudes will determine whether there is a net release of N
into the soil (Recous et al. 1999; Murphy et al. 2003).
However, even if net N accumulation is low, there will
likely be plant-available N actively being produced
throughout the season (Schimel and Bennett 2004).
Estimates of gross N fluxes may help in predicting N
availability in the soil, in particular when these
measures of inorganic N production are repeated
throughout the growing season, providing a better idea
of when maximum mineralization occurs. Despite the
potential to improve fertilizer timing, these methods
are not commonly used on the Great Plains. A
comprehensive review of gross N cycling studies
included just three studies on gross N mineralization in
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semi-arid agricultural landscapes, and just one on
gross nitrification (Booth et al. 2005).

Mineralization and nitrification, in addition to soil
water content and temperature, also influence the rate
of nitrous oxide (N,O) emissions in agricultural soils
(Grant et al. 2004). Nitrous oxide is a potent green-
house gas with a 100-year global warming potential
298 times that of carbon dioxide (IPCC 2007). In
Canada, N,O emissions resulting from transforma-
tions of mineral N in agricultural soils make up the
largest proportion of total N,O emissions (Rochette
and McGinn 2008). However, N,O emissions from
pulse crops may be lower than their fertilized coun-
terparts (Lemke et al. 2002) likely due to decreased
losses of N,O from fertilizer applications. Pulses may
also affect the other factors contributing to emissions
such as the quantity and quality of substrate (residue)
supply for mineralization and nitrification of organic
N.

Although N,O emissions have been attributed to
several processes including nitrification, denitrifica-
tion, coupled nitrification—denitrification, chemoden-
itrification, and nitrifier denitrification (Wrage et al.
2001), the two main processes believed to contribute
to soil surface N,O flux in arable agriculture are
denitrification and autotrophic nitrification (Pennock
2006). There are many reports of N,O emissions in the
semi-arid Northern Great Plains (Corre et al. 1996;
Malhi et al. 2006; Yates et al. 2006). However, there
are few field experiments that report on the relative
contributions of nitrification and denitrification to total
N,O emissions (Bedard-Haughn et al. 2006; Ma et al.
2008). Stable isotope techniques have enabled differ-
entiation and quantification of N,O produced during
denitrification and nitrification (Baggs 2008).

A greater understanding of the effect of pulse crops
(namely field pea and lentil) on N mineralization will
help better delineate potential N benefits during the
growing season and to succeeding crops. This study
took advantage of established research plots in the
Northern Great Plains that included cropping rotations
both with and without pulse crops. This should allow a
broader perspective on the longer-term effect of pulse
crops in the rotation (Gan et al. 2010). The primary
objective of this paper was to evaluate the effect of
pulse crops in the rotation on gross mineralization
rates, including the variability of these rates across the
growing season. A secondary objective was to quan-
tify the effect of pulse crops in the rotation on gross
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nitrification, including the relative contribution of
nitrification related pathways to total N,O emissions.

Materials and methods
Site description

This study was carried out at Agriculture and Agri-
Food Canada (AAFC) research facilities in Saskatch-
ewan, Canada: at AAFC Scott during the 2008, 2009,
and 2010 growing seasons and at AAFC Swift Current
during the 2009 and 2010 growing season. Table 1
summarizes the site characteristics and growing
season climate (actual and 30-year normal) for both

sites. Both sites had normal temperatures during the
growing season in all 3 years, but there was substantial
variation in precipitation among the study years. In
2008, Scott had three times greater-than-normal
precipitation in April, above-normal precipitation in
June, and normal precipitation levels in July; however,
there was also lower-than-normal precipitation in
May, August, and September. In 2009, both sites had
below normal precipitation for the entire growing
season, except for August. In contrast, in 2010, the
entire season was well above normal precipitation for
both sites, with the sole exception of July at Swift
Current. Most notably, Scott received precipitation
greater than its mean annual precipitation (359 mm) in
the April-June period alone (Environment Canada
2012).

Table 1 Site characteristics and historical climate data (Environment Canada, 2012)

Site
Site name AAFC Scott AAFC Swift Current
Location 52°23'N 108°50'W 50°12'N 107°24'W
Ecoregion Moist mixed grassland Mixed grassland
Soil type Orthic Dark Brown Chernozem Orthic Brown Chernozem
Texture Loam Sandy loam
pH* 5.7 6.4
SOC (%)° 3.4 2.0
D, (g cm3)° 12 1.2

2008 2009 2010 30-year mean 2009 2010 30-year mean
Mean daily temperature (°C)
April 0.6 3.0 5.3 3.6 4.3 6.1 4.9
May 104 8.7 8.8 10.9 9.9 7.9 11.1
June 14.6 14.2 15.0 15.2 14.7 15.7 15.6
July 16.8 15.8 16.6 17.0 16.9 17.1 18.1
August 16.8 154 15.0 16.3 16.9 16.3 17.9
September 10.9 14.3 9.3 10.4 16.4 10.6 11.8
Total precipitation (mm)
April 724 16.6 108.9 23.6 14.2 443 22.3
May 13.0 19.0 120.0 359 19.2 83.0 49.5
June 87.0 30.4 147.0 62.5 30.3 121.5 66.0
July 76.8 39.2 115.6 70.9 332 323 52.0
August 20.8 574 40.0 43.1 52.0 85.3 39.9
September 10.0 19.4 442 314 16.3 99.4 30.2

Both sites were situated in long-term research plots at Agriculture and Agri-Food Canada (AAFC) Research Farms in Saskatchewan,

Canada

#1:2 H,0, 0-10 cm

b Soil organic carbon, 0-10 cm
¢ Bulk density, 0-10 cm

@ Springer



162

Nutr Cycl Agroecosyst (2013) 95:159-174

At Scott, two crop rotations were sampled in 2008:
wheat-canola (Brassica napus-Triticum aestivum cv.
Lillian; W-CNL), and wheat-field pea (Pisum sativum-
Triticum aestivum cv. Lillian; W-FP). In 2009 and
2010, continuous wheat without N fertilizer (W_ON)
and continuous wheat with N fertilizer (W_WN) were
added to the experiment to allow for inter-site
comparisons with Swift Current (outlined below).
The W-CNL and W-FP rotations were established in
1997; continuous wheat with N fertilizer was estab-
lished in 2007 and without N was established in 2008.
All plots were under no-till management. For the
decade prior to seeding to continuous wheat, these
plots were under either canola-wheat-flax-wheat or
continuous canola. The W_WN plots were fertilized
with 74.4 kg N ha~' (46-0-0); W-CNL plots were
fertilized with 88 kg N ha~' (46-0-0). The plots (plot
dimensions: 6.4 x 30.5 m) were established as a
randomized complete block design with four replica-
tions; all four plots (field replicates) were sampled for
each crop rotation at Scott. The W-CNL and W-FP
rotations were in their wheat phase for the 2009
sampling and their non-wheat phase for 2008 and
2010.

In 2009 and 2010, three rotations were sampled at
Swift Current: wheat-lentil (Lens culinaris-Triticum
aestivum cv. Lillian; W-L), continuous wheat without
N fertilizer (W_ON), and continuous wheat with N
fertilizer (W_WN; fertilization as for Scott W_WN).
At Swift Current, the wheat-lentil rotations were
established in 1979 and continuous wheat in 1967.
Plots were managed with a stubble mulch tillage
technique, designed to retain as much surface residues
as possible. Three plots (field replicates) were sampled
for each crop rotation at Swift Current. Each plot
measured 10.5 x 40 m. Both phases of the W-L
rotation were sampled each year.

Gross mineralization and nitrification: isotope
dilution technique

For each rotation, gross mineralization and nitrifica-
tion were measured up to three times during the
growing season: pre-seeding (early May), anthesis
(early- to mid-July) and post harvest (late August to
September). All three growth stages/sampling dates
were sampled at Scott in 2008, but the post-harvest
sampling was extremely difficult due to very dry field
conditions; hence, the post-harvest date was excluded
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at both sites in 2009 due to similarly dry conditions,
but included again in the wetter 2010 season.

In each of the sampled plots, five intact soil cores
(15 x 5 cm i.d.) were taken adjacent to one another
between crop rows in order to minimize spatial
variability. Crop residue was gently removed from
the soil surface before core sampling. One of the five
soil cores was used to determine gravimetric soil
moisture content and bulk density. The remaining four
cores were used to determine gross mineralization and
nitrification with the N isotope dilution technique
(Davidson et al. 1991). Briefly, immediately after
collection, two cores were injected with (15NH4)ZSO4
for gross mineralization measurements and two cores
were injected with K'°NO; for gross nitrification
measurements. An 18 gauge side-port spinal needle
(Cadence Science, Lake Success, NY) was used to
inject seven evenly spaced 2-mL injections of "N
solution into each core (30 pug N mL™' at 99 at.%
5N); the concentrations were based on soil N levels
and guidelines in the literature (Hart et al. 1994;
Murphy et al. 2003). For each injection, the syringe
was slowly compressed as the needle was withdrawn
to evenly distribute the solution throughout the length
of the core. Gravimetric moisture content increased on
average 4.2 % above the moisture content of the
unlabeled cores. Within 30 min of injection, one core
from the (*’NH,),SO, labeled pair and one core from
the K'°NOj; labeled pair was extruded and homoge-
nized. A 30 g soil subsample was taken and extracted
with 100 mL of 2 M KCI (shaken on an oscillating
shaker table at 150 rpm for 45 min prior to extraction).
The second core from each pair was buried to a depth
of approximately 20 cm in the field for a 24-h
incubation before being extracted. The exception to
this incubation time was the nitrification assay in
2010, which was incubated for 18 h, as outlined
below. Extracts were analyzed for '"NH," and
'>NO;~ using an acidified diffusion disk procedure
as described by Hart et al. (1994) with the modification
of using a polytetrafluoroethylene (PTFE) encased
acid disk (Sgrensen and Jensen 1991). Following
diffusion, acid disks were removed and analyzed for N
concentration and at.% '°N using an ANCA-GSL
elemental analyzer coupled to a continuous flow
Tracer/20 mass spectrometer (Europa Scientific, Ser-
Con Ltd., Cheshire, UK). Where N recovery on the
acid disks was less than 100 %, concentrations were
corrected following Stark and Hart (1996).
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Gross mineralization, nitrification, and consump-
tion were calculated as described by Hart et al. (1994).
There are a number of assumptions regarding the
tracer kinetic equations proposed by Kirkham and
Bartholomew (1954), which include: all rate processes
can be described by zero-order kinetics over the
incubation period; there is no isotopic discrimination
of the mineral nutrient during transformation pro-
cesses in the soil; labeled mineral N immobilized over
the incubation period is not re-mineralized; the added
label is homogeneously mixed with the soil inorganic
pool (Hart et al. 1994). One possible consequence of
violation of the re-mineralization assumption is neg-
ative gross production values. There were a substantial
number of negative values in the 2008 study at Scott;
based on this, the nitrification assay was not performed
in 2009 at either site. A laboratory test conducted
during 2009 indicated that there was indeed immobi-
lization and re-mineralization of 'NO;~ during the
24-h incubation period, but that re-mineralization was
not significant during an 18-h incubation. To this end,
the nitrification assay was repeated in 2010, at both
sites, using an 18-h incubation in lieu of a 24-h
incubation as outlined above. There were still several
negative values despite the shorter incubation period.
All gross nitrification values for 2008 and 2010 are
reported as calculated, including negative values
where present, and will be discussed further below.
Turnover rates (or mean residence times) on a given
sampling date were calculated for the NH,* pool only
as the NH,* pool size divided by the gross mineral-
ization rate (Bedard-Haughn et al. 2006).

Source identification of N,O emissions:
nitrification vs. denitrification

Source identification of N,O flux was determined at
Scott in 2008 only. This was done in conjunction with
the gross nitrification assay, using the injected '’NO;~
as a tracer to identify the relative contributions of
denitrification (from the labeled NO3;~ pool) versus
nitrification-related processes (from the non-labeled
organic N and NH," pools); this was done according
to the procedure described by Bedard-Haughn et al.
(2006). The 24-h core of the K15N03 labeled pair was
placed into a 1.5L Mason jar fitted with a septa in the
lid. For N,O measurements, ~ 15 min after sealing the
jar, initial (T »s) headspace samples were taken from
each jar using a 20 mL syringe and injected into a

Labco Exetainer® vial (Labco, Limited, UK). The jars
were then opened briefly for ~5 min to adjust the
internal atmospheric pressure to ambient and to detect
any N,O flux from core disturbance, then resealed and
buried for a field incubation of 24 h. After 24 h, the
jars were excavated and T,4 headspace samples were
taken. Samples were analyzed for total N, and N,O as
well as >N, and '°N,O at the University of California
Davis Stable Isotope facility using a SerCon CryoPrep
trace gas concentration system interfaced to a PDZ
Europa 20-20 mass spectrometer (SerCon Ltd.,
Cheshire, UK). Ambient air samples were included
as references in each analytical run to check for
precision, detector drift and to calculate the minimum
detectable concentration difference (MDCD). The
MDCD was calculated according to Yates et al.
(2006):

MDCD = pipairaitt + (20pair difr)

where:
u = average difference between sample pairs
o = standard deviation between sample pairs

If the N>,O flux was less than the MDCD then the
flux was considered to be not significantly different
than 0. The contribution of nitrification and denitrifi-
cation to N,O flux was calculated according to Arah
(1997) and Russow et al. (2008). An unlabeled set of
soil cores (no added NO;~ or water) was used to
establish background levels of gas emissions during
the incubation to determine whether there was an
increase in emissions due to the method used.

Statistical analyses

Gross mineralization and nitrification results were
analyzed by site with the linear mixed effects model in
SPSS (IBM SPSS version 19.0 for Mac, 2010). The
mixed approach was selected due to its suitability for
correlated data (including repeated measures),
unequal variances, and unbalanced designs. Year and
sampling date variables were used to identify the
repeated measures, with individual field plots as
subjects. Crop rotation and sampling date were
considered as factorial fixed effects and year was
included as a random effect. Outliers (n = 7) were
removed when they were greater than +2.5 standard
deviations. Normality was assessed using the Shapiro—
Wilk test in SPSS (IBM SPSS version 19.0 for Mac,
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2010). There was no significant effect of year; these
P values are not reported. Mixed analyses were also
performed with each of the following in place of
rotation as one of the fixed factors: presence/absence
of pulse in the rotation, phase, whether the current
phase was a pulse crop, and whether the previous
phase was a pulse crop; none of these improved the
overall model over rotation, therefore results of these
analyses are not shown. For comparison between the
Scott and Swift Current sites, a similar mixed model
was used, with the following changes: only the
continuous wheat rotations (W_WN and W_ON) along
with a pulse-wheat rotation (W-FP at Scott, W-L at
Swift Current) were considered in the analysis, site
was added as a fixed factor in the factorial effects, and
presence/absence of pulses in the rotation was used in
place of rotation as the fixed factor.

For the N,O source identification assay, flux was
analyzed using the non-parametric Kruskal-Wallis
Test; differences between individual rotations were
tested for statistical significance using the Mann—
Whitney-U procedure in SPSS (SPSS version 17.0 for
Windows, 2007). Relationships between soil proper-
ties and N,O-emitting processes were examined using
Spearman’s rank correlation (SPSS 2007).

For all tests, effects were declared significant at
P < 0.10 unless otherwise specified. Because of the
inherent variability of field studies, a 0.10 level of
significance was chosen to increase the likelihood that
differences would be detected.

Results
Gross mineralization (ammonification)

Gross mineralization was highly variable at Scott, for
all rotations and all years (Table 2). There were no
significant effects of rotation (P = 0.3) or sampling
date (P = 0.6). Ammonium consumption rates were
slightly higher at anthesis than at pre-seeding or post-
harvest (P = 0.11) and significantly higher in the
W-FP rotation (1.6 mg NH,"-N kg~' d™") than in the
W-CNL rotation (0.7 mg NH,"-Nkg™' d7%;
P = 0.01), but there were no other rotation effects
on NH," consumption. The NH," pool sizes did not
vary significantly by rotation, either (Table 6); overall
values ranged from 1.7 mg NH,"-N kg™ soil in the
W-FP rotation to 2.1 mg NH;"-N kg™' soil in the
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W_WN rotation with an overall average of
2.0 &+ 1.3 mg NH, N kg™ ' soil. Although W-FP
had a slightly longer mean NH,' turnover time
(2.2 £ 0.4 d), it did not differ significantly from the
other rotations (1.8 £ 0.4 d for C-W; 1.5 4+ 0.5 for
W_ON; 1.4 £ 0.5 for W_WN).

At Swift Current (Table 3), there was a significant
effect of both rotation (P = 0.1) and sampling date
(P = 0.02) on gross mineralization, but no interaction
effect, with the highest rates associated with the
W_WN rotation (2.27 mg NH,"-N kg™' d™"). It was
significantly higher than both the W_ON (1.21 mg
NH,"-Nkg™' d7', P =0.08) and W-L (0.98 mg
NH,"-N kgfl d~', P = 0.05) rotations. Anthesis had
significantly higher rates than pre-seeding (P = 0.01).
The W_WN rotation also had significantly higher rates
of NH,t consumption than W_ON or W-L (P = 0.01
and 0.04, respectively). There was no effect of
sampling date or rotation on NH4' consumption
(P = 0.2 and 0.7, respectively). Ammonium concen-
trations (Table 6) ranged from 1.5 £ 0.5 mg NH,*-
N kg~ soil in the W_ON rotation to 1.8 # 0.8 mg
NH,"-N kg~' soil in the W-L rotation and
2.0 & 2.0 mg NH,"-N kg~! soil in the W_WN rota-
tion; there were no significant differences among
rotations. Mean NH," turnover rates did not differ
significantly among rotations (1.5 + 2.3 d for W_ON;
5.2 & 2.3d for W_WN; 2.0 £ 2.3 for W-L).

The comparison between the Scott and Swift
Current sites examined the effect of pulses in the
rotation, not the specific crop; the mixed model took
into consideration only the continuous wheat rotations
versus the wheat-pulse rotations (W-FP and W-L at
Scott and Swift Current, respectively). There was a
significant effect of presence of pulses in the rotation,
with higher mineralization rates under the continuous
wheat rotations (1.40 vs. 0.97 mg NH,"-N kg ' d™';
P = 0.06), although this difference would be driven
primarily by the significantly higher W_WN rates at
Swift Current. Due to the higher rates at anthesis, there
was a significant effect of sampling date (P = 0.01),
but there was no effect of site (P = 0.9).

Gross nitrification

There was no significant effect of rotation (P = 0.2) or
sampling date (P = 0.4) on gross nitrification rates at
Scott (Table 4). Rates were highly variable, ranging
from theoretically impossible negative values up to
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2010

2009

Table 3 Mean gross mineralization (ammonification; Min) and NH,* consumption (Cons) rates at AAFC Swift Current (mg NH,*-N kg_1 soil d71h)

Pulse in rotation Rotation

@ Springer

Anthesis Post-harvest

Pre-seeding

Anthesis

Pre-seeding

Min Cons Min Cons Min Cons Min Cons

Cons

Min

W_ON N

No pulse

2.71 (1.84)

1.57 (0.94)

1.53 (1.23) 2.89 (2.09)

0.18 (0.89)

2.83 (0.28) 0.14 (0.03)

2.85(1.38) 1.01 (0.01)

1.46 (0.67)
2

Mean

W_WN N

240 (3.13)

1.62 (1.66)

3.48 (2.09) 4.03 (1.36)

2.26 (2.6) 2.61 (0.64) 3.54 (0.63) 1.86 (0.00) No value

1.32 (0.46)

Mean

W-L

Pulse

1.40 (0.97) 2.51 (2.26)

2.19 (0.88) 1.52 (0.90) 1.48 (2.19)

—0.30 (1.35)

179 (1.81) 2.44 (1.33)

~0.06 (0.77) 0.32 (1.67)

Mean

Standard deviations (SD) noted in parentheses. For full explanation of variation in sampled rotations and growth stages, see “Materials and Methods”

W_ WN continuous wheat with N fertilizer; W-L wheat-lentil

, no N fertilizer;

W_ON continuous wheat

6.5 mg NO; -N kg~ ' d~' in the W_ON rotation. The
negative nitrification values most likely represent a
violation of one or more assumptions of the isotope
dilution method; the implications will be discussed
further below. Soil NO;~ concentrations were higher
than NH,™, but did not vary significantly by rotation
ranging from 4.3 & 2.0 mg NO; -N kg™' soil in
W_WN to 5.1 & 2.1 mg NO; -N kg~ soil in W-FP
(overall mean = 4.7 + 1.9 mg NO; -N kg~ soil).
At Swift Current, there was a significant effect of
rotation (P = 0.1) and sampling date (P = 0.1),
reflecting much lower measured nitrification rates for
the W_WN rotation (—0.02 mg NO;-N kg~' d™")
compared to the W_ON (1.60 mg NO; -N kg~ ' d™ 1)
or W-L (2.10 mg NO;3; -N kg{l d™") rotations
(Table 5). Once again, the mean negative value for
W_WN is theoretically impossible and likely reflects
methodological constraints. There was no significant
effect of rotation or sampling date on NO; ™ -consump-
tion rates at either site. Soil NO3;~ concentrations
(Table 6) ranged from 2.9 mg NO; -N kg™' soil in
W_ONto03.1 mgNO; -N kg~ ' soil in W-L and 3.7 mg
NO; ™ -N kg~ ! soil in W_WN (mean = 3.2 & 1.8 mg
NO;-N kg~ ! soil).

Comparison of the Scott and Swift Current sites
with respect to gross nitrification found no significant
effect of site (P = 0.4), but there was again a
significant effect of presence/absence of pulses in
rotation (P = 0.03) and interactions between both
sampling*site (P = 0.07) and sampling*pulse
(P = 0.04). Measured gross nitrification rates were
higher when pulses were in the rotation (1.85 mg
NO; -Nkg~' d™"), compared to the continuous
wheat rotations (0.59 mg NO;3; -N kg_1 d™"), but
this will also reflect the negative values associated
with continuous wheat rotations at both sites
(Tables 4, 5).

Source of N,O emissions: nitrification vs.
denitrification

In the 2008 incubation study to examine the source of
N,O from the Scott rotations, mean N,O emissions
after 24 h incubation were low for all sampling dates
and ranged from 0 to 5.7 ng N;O-N m*s~' (Table 7).
There was no significant difference in N,O emissions
among the rotations for any of the sampling dates.
There was, however, a significant effect of the added
label, which caused a flush of N,O emissions above



Nutr Cycl Agroecosyst (2013) 95:159-174

167

Table 4 Mean gross nitrification (Nit) and NO;~ consumption (Cons) rates at AAFC Scott (mg NO; -N kg‘l soil d71)

2010

2008

Rotation

Pulse in

rotation

Post-harvest

Anthesis

Pre-seeding

Post-harvest

Anthesis

Pre-seeding

Cons

Nit

Cons

Nit

Cons

Nit

Cons

Nit

Cons

Nit

Cons

Nit

W-CNL N

No pulse

0.57 (5.56)

041 (8.00)  1.22 (2.07)

1.75 (4.11)

—1.44 (4.07)

0.14 (1.17) 054 (0.74) —0.15 (0.30) —2.06 (2.73) 0.75 (0.56) 0.47 (0.29)  1.02 (1.25)

Mean
N

W_ON

0.35 (3.07)

079 (1.06) —2.09 3.47) 1.16 (1.80)

1.00 (6.61)

028 (4.51)

Mean

W_WN N

—1.38 (4.22)

0.93 (1.97)

173 (459)  —0.73 (1.94) —0.31 (6.70)

1.68 (5.44)

Mean

FP

W-

Pulse

1.51 (1.32) 1.01 (0.61) —0.17 (0.86) 1.85 (1.66) 3.93 (4.63) 2.30 (1.62) 4.38 (3.41) 0.93 (5.15) 3.18 (8.12)

1.43 (6.50) 1.21 (1.88)

2.58 (1.92)

Mean

Standard deviations (SD) noted in parentheses. For full explanation of variation in sampled rotations and years, see “Materials and Methods”

pea

W-CNL wheat-canola; W_ON continuous wheat, no N fertilizer; W_WN continuous wheat with N fertilizer; W-FP wheat-field

and beyond the background levels for all dates and
sampling times (T4 and Ty »5) except for Ty »5 at pre-
seeding. Soil moisture content at pre-seeding was 10.7
and 12.1 % higher than at anthesis and post-harvest,
respectively, which is why there may not have been an
immediate effect of the added enriched solution at pre-
seeding for the Ty ,5 samples. Mean WFPS of the Tp4
K15N03 labeled cores at pre-seeding, anthesis and
post-harvest was 39.9, 24.6 and 23.1 %, respectively.
There were significant correlations between soil NH,*
concentrations and the N,O flux from the labeled cores
at Toos (rg = 0.455, P =0.001), the non-labeled
cores at Tp,s (rg = 0.546, P = 0.0001), and the
non-labeled cores at T,y (ry = 0.372, P = 0.005).
Overall, nitrification-related processes contributed
96.9-99.4 % of the N,O flux.

Discussion
Effect of pulse crops in the rotation

There is a general acceptance that including pulse
crops in rotation will result in N benefits that extend
beyond N fixation including reduced inorganic
N-uptake by pulses in comparison with non-pulses,
better plant residue quality, higher SOM turnover, and
a greater amount and quality of rhizodeposits (Chalk
1998; Mayer et al. 2003; Lemke et al. 2007), all of
which should be reflected in rates of N cycling. The
overall gross mineralization and nitrification rates in
this study were within the range of previously reported
values for agricultural land (Booth et al. 2005).
However, we found no difference among rotations
with versus without pulses, with the exception of the
higher mineralization rates in continuous wheat rota-
tions than pulse-wheat rotations when considered
across both sites. Much of this difference would have
been driven by higher rates in the W_WN rotation
(Tables 2, 3); N fertilization is known to increase soil
microbial activity and accelerate SON cycling (Shah
et al. 2010; Zhang et al. 2012).

Net N benefits—of any crop—will reflect the
interacting factors of residue quantity (above- and
below-ground) and quality (biochemical composition,
C:N ratio, etc.). Most studies of N benefits from
legumes have been conducted based on a comparison
of cereal versus pulse crops (Lemke et al. 2007;
Lupwayi and Soon 2009); however, accumulation of
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Table 5 Mean gross nitrification (Nit) and NO3;~ consumption (Cons) rates at AAFC Swift Current (mg NO3; -N kg71 soil dfl),

which was only quantified in 2010

Pulse in rotation Rotation 2010

Pre-seeding Anthesis Post-harvest
Nit Cons Nit Cons Nit Cons
No pulse W_ON N 3 3 3 3 3 3
Mean  0.84 (0.72)  0.20 (1.82)  3.28 (3.55) 491 (6.17) 0.68 (1.24) 0.90 (2.75)
W_WN N 3 3 3 2 3 3
Mean 093 (1.83) 032 (3.44) -1.65(1.01) -2.84 (3.19) 0.65 (1.41) 3.12 (3.12)
Pulse W-L N 3 3 3 3 3 3
Mean 241 (296) 192 3.93) 4.77 (1.42) 7.06 (3.62) -0.90 (2.38)  0.14 (2.45)

Standard deviations (SD) noted in parentheses. For full explanation of variation in sampled rotations and years, see “Materials and

Methods”

W_ON continuous wheat, no N fertilizer; W_ WN continuous wheat with N fertilizer; W-L wheat-lentil

Table 6 Mean NH," and NO; ™~ concentrations at AAFC Scott and AAFC Swift Current (mg N kg™ soil), averaged across all years

Pulse in rotation ~ Rotation Pre-seeding Anthesis Post-harvest
NH,* NO;~ NH,* NO;~ NH,* NO;~
AAFC Scott
No pulse W-CNL N 12 6 11 7 5 7
Mean  1.35 (1.02) 478 (2.33)  2.65(2.02) 422 (1.81) 2.32(1.43) 4.86 (1.09)
W_ON N 8 3 8 4 4 4
Mean  2.63 (1.23) 6.42 (1.27) 193 (1.06) 3.28 (1.87) 1.9 (1.18) 4.08 (1.07)
W_WN N 8 3 7 3 4 4
Mean  2.69 (1.67) 6.17 (1.55) 1.9 (1.23) 2.92 (2.5) 1.26 (0.8) 3.92 (0.98)
Pulse W-FP N 12 7 12 8 6 8
Mean  1.54 (0.95) 6.06 (3.25) 2.03(0.99) 4.06 (1.3) 1.29 (1.1) 5.42 (0.88)
AAFC Swift Current
No pulse W_ON N 5 3 5 3 3 3
Mean  1.72 (0.37) 395(044) 144 (0.62) 1.52(0.61) 1.37 (0.29) 3.12 (0.78)
W_WN N 4 3 5 3 3 3
Mean  2.22 (1.15) 4.13 (0.6) 2.44 (3.03) 442(3.68) 1.11 (0.41) 2.45 (1.72)
Pulse W-L N 7 3 8 3 3 3
Mean  1.75 (0.92) 437 (0.27)  2.05(0.65) 1.02 (0.44)  1.47 (0.87) 4.01 (1.44)

Standard deviations (SD) noted in parentheses. For full explanation of variation in sampled rotations and years, see “Materials and

Methods”

W-CNL wheat-canola; W_ON continuous wheat, no N fertilizer; W_WN continuous wheat with N fertilizer; W-FP wheat-field pea; W-

L wheat-lentil

mineral N has been associated with both pulse and
canola (oilseed) crops (Kirkegaard et al. 1999; Ryan
et al. 20006). In a comparison of wheat, oilseeds and
pulses at the Swift Current site, Gan et al. (2010)
observed maximum accumulation of NO3; ™ -N under
wheat, but similar accumulations between oilseeds
and pulses (including field pea and lentil). Canola and
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wheat were also found to have comparable root N
(kg Nha™') compared to pulse crops (Gan et al. 2010)
indicating that despite the ability of pulse crops to fix
their own N, the below-ground residues may not have
a greater contribution to the net N benefit compared to
fertilized wheat or oilseeds. Interestingly, they also
observed similar apparent net N mineralization under
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Table 7 Mean nitrous oxide (N,O) emissions from intact soil cores with (labeled) and without (background = BG) added K" NO;

(n=4
Date? Rotation® To.»5 N,O Flux (ng N,O-N m%s ™) Tss N,O Flux (ng NO-N m%s~ )
BG Labeled % Nit BG Labeled % Nit
Pre-seeding W-FP 0° 0 n/a 0.4 (0.4) 1.6 (0.6) 97.7 (1.1)
W-CNL 0 0 n/a 0.4 (0.3) 2.0 (0.7) 98.0 (0.8)
Anthesis W-FP 10.7 (3.6) 79.6 (31.9) 99.5 (0.0) 0.3 (0.1) 1.8 (0.4) 99.4 (0.0)
W-CNL 3.6 (3.6) 80.0 (29.3) 99.5 (0.1) 0.8 (0.5) 2.1 (0.5) 99.0 (0.4)
Post-harvest W-FP 0 28.0 (11.3) 99.5 (0.0) 0.3 (0.3) 0.5 (0.3) 98.8 (0.3)
W-CNL 0 23.2 (13.4) 99.5 (0.0) 0 0.4 (0.2) 98.9 (0.2)

Standard error values given in parentheses. Gas samples were taken after 15 min (Ty,s) and again after a 24-h in situ incubation
(T54). The proportion of the N,O flux attributed to nitrification-related processes is shown (% Nit). This experiment was carried out at

AAFC Scott in 2008

# In 2008, Pre-seeding = May 13, Anthesis = July 8, Post-harvest = October 8
b Underlining indicates the crop phase sampled; W-FP wheat-field pea, W-CNL wheat-canola

¢ The 0 values for N,O flux represent the values where emissions were <MDCD

wheat and pulses, but rates under oilseeds were about
50 % lower (Gan et al. 2010). This last finding may be
supported by Sangster et al. (2010), who found
significantly higher total root biomass in canola
compared to field pea (including both living biomass
and root exudates, quantified using '>C labeling), but
also noted that based on its biochemical composition,
canola root biomass was likely more recalcitrant than
field pea root biomass. There have also been reports of
narrower C:N ratios in pulse crop root and shoot
biomass, which enhances N availability in the soil
(Miller et al. 2006). For example, under non-irrigated
conditions at Swift Current, Gan et al. (2011) found
straw C:N ratios of 14.8 for field pea and 19.3 for
lentil, versus 33.0 for canola and 40.9 for wheat; root
C:N ratios were 20.0 for field pea and 30.0 for lentil,
versus 54.6 for canola and 43.4 for wheat. The results
of these studies suggest that over the longer term
represented in our rotational comparison, the higher
quantity of relatively recalcitrant non-pulse roots may
be balanced by the lower inputs of more labile pulse
residues. This balance of quality and quantity, coupled
with the aforementioned fertilizer effect, may have
resulted in the comparable gross mineralization rates
observed among rotations.

Mineralization rates for all rotations tended to
increase over the growing season. The significantly
higher mineralization rates at anthesis could be due to
warmer soil temperatures, which would lead to greater

microbial activity (Madigan et al. 2010), particularly
when coupled with normal to above-normal soil mois-
ture. The findings of a study in Australia found seasonal
variation in moisture (i.e., wet-dry cycles) had a greater
impact on the timing of soil N supply than the crop type
(Hoyle and Murphy 2011). However, substrate avail-
ability is a major factor regulating inorganic N produc-
tion. During pod filling in pulse crops, large quantities of
readily mineralizable N-compounds are lost from roots
(Ofosu-Budu et al. 1990). Wichern et al. (2008) found
that the inorganic N content at crop maturity—and the
proportion derived from rhizodeposition—was much
higher under pea than oat, and that during the repro-
ductive growth phase, existing roots die and therefore
contribute to rhizodeposition, which could further drive
mineralization. The increasing mineralization rates over
the growing season may therefore reflect the cumula-
tive rhizodeposition that occurs during the vegetative
phase resulting in higher gross mineralization rates at
anthesis.

Methodological and biological considerations

Although the isotope dilution technique used here to
quantify gross mineralization and nitrification has
many advantages over more static measures of pool
size or potential net measurements of N dynamics, it
does have some limitations. The results presented here
provide a good estimate of nitrogen dynamics in pulse
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versus non-pulse rotations, but the presence of several
negative production rates suggests the violation of one
or more methodological assumptions.

The first, and most plausible, explanation for
negative gross values is violation of the immobiliza-
tion and re-mineralization assumption, where the
added "N is re-mineralized within the 24-h incubation
period. Although it has been proposed that this is more
likely to occur in mineralization assays (Murphy et al.
2003), the 2008 gross nitrification results (Table 4)
and results of the controlled laboratory experiment
designed to determine an optimum incubation time
(results not shown) indicated that substantial NO3™
immobilization and re-nitrification was occurring. In
the controlled laboratory experiment, '’N enrichment
of the NO; ™ pool decreased over the first 18 h of the
incubation, but by 24 h, began to increase again,
indicating recycling of the added 'SN. This may be
attributed to rapid microbial immobilization and re-
nitrification, or alternatively, to dissimilatory nitrate
reduction to ammonium (DNRA). This process is not
well studied in the Northern Great Plains, or in arable
soils in general. Maximum DNRA rates have been
reported in humid soils with high soil carbon, such as
temperate and tropical rainforests, but its relative
importance to total NO3;~ consumption may actually
be greater in less humid soils (Rutting et al. 2011).
Preliminary assessments of conditions conducive to
DNRA in temperate agricultural soils indicate that
there is indeed potential for this process to be of
significance, but that detecting it in situ may be
difficult unless there is a low molecular weight C
source already present in the system (Schmidt et al.
2011).

A second important consideration is the effect of
injecting the label in solution in intact, semi-arid soils.
Although both soils were medium-textured (Table 1),
there were stones present at both sites, which made it
very difficult to insert the injection needle straight into
the cores, and particularly difficult to ensure that all
injections were evenly distributed throughout the core.
This issue of non-uniformity was further exacerbated
under dry conditions as experienced in the fall of 2008
and 2009. By post-harvest 2008, the soils had dried in
the field to the point where it was almost impossible to
insert the needles into the cores at all, and the extreme
dryness further limited the potential for the injected
solution to diffuse evenly throughout the core. Under
these very dry conditions, it is also unclear what effect
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the sudden introduction of N-rich solution might have
on the microbial community. Saetre and Stark (2005)
found that the wetting up of a previously dry soil in
Wyoming triggered a rapid increase in C cycling rates,
which in turn released an N-rich substrate pool that
resulted in a pulse of gross and net mineralization.
This same phenomenon could have occurred on a
micro-site scale within the dry cores, contributing to
highly variable results and potentially to the negative
results as well.

A third consideration, which has not been specifically
addressed in agricultural assessments of gross miner-
alization/nitrification, is the potential impact of conser-
vation tillage practices on meso-scale heterogeneity,
and the consequences of that variability in application of
the isotope dilution technique. Conservation tillage has
replaced conventional tillage-intensive systems through
much of the semi-arid Northern Great Plains. With this,
there has been an accumulation of partially decomposed
residues on the soil surface and slower decomposition of
both above- and below-ground residues due to lack of
incorporation via tillage (Curtin et al. 2000). As a result,
root biomass from the previous seasons is not redistrib-
uted throughout the tillage layer but rather decomposes
in a clump, creating hot spots within the soil that may not
be evident at the soil surface. Hence, even when efforts
are made to ensure that all cores are taken between rows
and as close together as possible (as was the case here),
these hot spots may mean that each core in the pair
differs substantially in initial substrate level, contribut-
ing to highly variable and/or negative results. In
hindsight, it may have been preferable to use disturbed
soil samples to ensure that the paired samples are
reasonably homogeneous. However, using disturbed
samples would undoubtedly increase the gross cycling
rates (Kaur et al. 2010), providing a measure more
representative of potential production than actual
production.

Regardless of the source of the error, it is evident
that negative gross values are ecologically impossible.
Although many studies either omit negative values or
truncate them to zero, they have been included here to
promote discussion and encourage further research in
this area. These negative values can be interpreted as
an indicator of difference (i.e., where gross nitrifica-
tion rates differed between W_L and W_ON versus
W_WN rotations at Swift Current); but the exact
nature of the difference should not be interpreted as
causal without further experimentation.
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Nitrous oxide source identification

Denitrification is associated with anaerobic soils with
greater than 60 % water-filled pore space, low N, and
high C (Wrage et al. 2001), whereas autotrophic
nitrification is associated with well-aerated soils with
high N contents (Wrage et al. 2001; Booth et al. 2005).
Conditions of water saturation are generally rare at this
particular site so it was not surprising that the major
contribution of N>,O flux would be from the nitrifica-
tion pathway. The positive correlation of NH," to Ty,
N,O flux of the labeled field-incubated cores supports
the conclusion that 96-99 % of emissions were from
nitrification related processes (including nitrification,
coupled nitrification—denitrification, or nitrifier deni-
trification), further highlighting the importance of this
pathway for N,O flux in semi-arid agricultural
ecosystems (Bedard-Haughn et al. 2006; Ma et al.
2008; Wan et al. 2009).

The N,O emissions in this in-field incubation study
were in the lower range of emissions according to
measurements for semi-arid agricultural systems within
the Northern Great Plains, ranging from mean fluxes of
97.2 to —0.2 ng N,O-N m2s! (Corre et al. 1996;
Lemke et al. 1998; Yates et al. 2006). There have been
many reports of soil amended with different crop
residues and the corresponding differences in N,O
emissions (Aulakh et al. 1991; McKenney et al. 1993;
Shelp et al. 2000), so it was unexpected that we found no
significant effect of crop rotation. Lemke et al. (2002)
reported that during the growing season, N,O emissions
from field pea and lentil crops were significantly lower
than from fertilized cereal crops and found that emis-
sions generally reflected N fertilizer inputs. Nitrogen
fertilizer applications to agricultural soils normally
increase N oxide emission (Mosier et al. 2006). In our
study, fertilization of crop rotations occurred just after
the initial N,O measurement at pre-seeding so any flux
attributed to applied N most likely was missed.

Negative correlations have been reported between
C:N ratios of crop residues and N,O emissions (Baggs
et al. 2000; Huang et al. 2004). Pulse residues are
reported to have lower C:N ratios relative to wheat and
oilseed crops (Janzen and Kucey 1988; Gan et al.
2011) and therefore could result in higher N,O
emissions. Ellert and Janzen (2008) suggest N,O
increases under low C:N crop residues is likely due to
an increase in N available for nitrification and possibly
denitrification. Hadas et al. (2004) reported that lower

C:N residues have higher water-soluble organic C.
Therefore, the soluble C could serve as a substrate for
denitrifiers and the increase in heterotrophic activity
would result in a consumption of oxygen creating
temporary anaerobic microsites (Ellert and Janzen
2008).

There appeared to be an effect of core disturbance
on N,O flux. The increase in T, »5 fluxes from labeled
soil cores is likely due to a stimulatory effect on
microbes of adding the K'>NOj5 solution or simply a
displacement affect where the K'°NO; solution
displaced a volume of soil gas. This stimulation and
displacement effect across the treatments might have
masked rotational differences. However, the T s
background cores at anthesis also showed fluxes
greater than the T,, measurements.

Conclusion

The similarities in N dynamics across the rotations
included in this study reflect the interacting effects of
residue quantity and quality. At both of these Northern
Great Plains sites, the higher quantity of residue inputs
associated with the non-pulse rotations did not trans-
late into higher gross mineralization rates than the
lower-biomass pulse crops; nor did the continuous
wheat rotations differ significantly unless fertilizer
was added. The lower C:N ratio and greater biochem-
ical lability associated with pulse crops appears to
offset the difference in quantity, such that all rotations
have similar production rates. Therefore the overall
benefit to pulse crops in the rotation, from an N
dynamics perspective, is that their smaller quantity of
N-rich residues can contribute equal amounts of N to
succeeding crops compared to more input-intensive
cereals and oilseeds.

Although N contributions from pulse residues may
also contribute to slightly higher N,O emissions from
nitrification under some conditions, the overall emis-
sion rates in these semi-arid soils are generally quite
low. Where high emissions are a concern, nitrification
inhibitors may be worth exploring. Further assess-
ments of the potential contribution of DNRA to NO; ™
dynamics are also required for the Northern Great
Plains. Better understanding of this process may
contribute to improved N management plans as well
as improved methodologies for assessing N dynamics
in semi-arid systems. In a similar vein, future work on
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gross N-cycling in agro-ecosystems should consider
(a) the optimum incubation time based on local
preliminary analyses, (b) the effects of wetting up on
gross N rates, and (c) the risks and benefits of using
intact cores under conservation tillage. Where intact
cores are deemed necessary, much greater spatial and
temporal replication is recommended, although this
will significantly increase the cost of an already
expensive procedure.
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