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A B S T R A C T

Water deficit is the major constraint to crop production in dry temperate climates and no-till (NT) has been
widely recommended to increase water conservation, crop yields, and soil organic carbon (SOC) content. In this
study, tillage practice [conventional tillage (CT), minimum tillage (MT), NT and annually alternating tillage with
NT (NT/MT)]] and crop rotation [fallow-wheat (Triticum aestivum L.; FW), continuous wheat (CW), and wheat-
pulse (WP) rotation] effects were investigated in a long-term experiment over three decades. Although NT in-
creased soil water conservation and water use efficiency (WUE) compared to CT and MT, wheat yields were not
higher for NT during the first 13 years when nitrogen (N) fertilizer was broadcast in the soil. After 1996, when N
fertilizer was side-banded during seeding, CW-NT had 6% higher yields than CW-MT although not significant.
The mean yield of pulse crops was 14 % higher for NT than MT, where the greatest yield benefit was found in
warmer and drier years so NT is also adaptation to weather variability. The yield advantage of wheat after pulse
in WP compared to CW increased by 41 kg ha−1 yr−1 (P < 0.001), indicating that the benefits of pulse crop on
wheat production increases with time. Annual grain N uptake was greater in WP than CW or FW and greater for
NT than MT for WP. The biennial tillage in CW-NT/MT benefitted the wheat yield in the following NT year so
that it was greater than those of both CW-MT and CW-NT in those years. The rankings of SOC stock to 15 cm or
30 cm were generally the same as to 7.5 cm but differences were only significant to 15 cm in some samplings and
only a trend (P < 0.10) was detected to 30 cm after 29 years. Unexpectedly, the CW-NT/MT had the highest
SOC stocks and such regular periodic tillage warrants further investigation. The pulse-wheat rotation under NT
was the best cropping system for achieving a combination of efficient use of fertilizer N and high annual crop
yield and quality, for which the benefit of pulse in rotation increases over time.

1. Introduction

Agricultural ecosystems need to feed a growing and more de-
manding world population (Foley et al., 2011; Godfray and Garnett,
2014), while contributing to mitigation of greenhouse gas emissions
(Paustian et al., 2016). Conservation agriculture (CA), involving
minimal soil disturbance, especially no-till (NT), permanent crop re-
sidue retention or cover crop, and crop rotation with diversified crops,
has been shown to be an effective practice to reduce soil erosion risk
and energy consumption, improve soil quality and ensure food security
(Lal, 2004; Montgomery, 2018).

In dry temperate climates without irrigation, water is usually the
greatest limitation on productivity so water conservation benefits of
crop residue retention with NT often increases productivity (Cutforth

et al., 2011; Giambalvo et al., 2012; Carefoot et al., 1990; Brandt,
1992). From their global meta-analysis, Pittelkow et al. (2015) found
that NT overall decreases crop yields by 5.7 %, although it produces
equivalent, and, specifically in dry rainfed situations, greater yields
than conventional tillage systems (CT). Recently, Gristina et al. (2018)
found that the relative ratio of durum wheat (Triticum turgidum L) yield
under NT compared with CT was linearly related with aridity index,
where relative yield was higher with NT when the aridity index was
lower than 0.55. However, there are many observations where no-till
has resulted in equal productivity to tilled cropping systems (Fan et al.,
2018a; López-Fando and Almendros, 1995; McConkey et al., 1996;
Sainju et al., 2017). Compared with tilled systems in these climates, NT
can have some negative effects on yields including occasionally re-
sulting in excessively wet soils for planting (Seddaiu et al., 2016),
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reduced nitrogen (N) uptake attributed to less N mineralization from
organic matter (McConkey et al., 2002), and inadequate weed control
(Giambalvo et al., 2012; Machado et al., 2008). The effect of NT on
productivity is not only critical to food production but also to carbon
(C) input to the soil.

Traditionally, cereals have dominated crop rotations in dry tempe-
rate climates, but crop diversification with CA provide important pro-
ductivity benefits (Álvaro-Fuentes et al., 2009; Burgess et al., 2012).
Pulse crops (i.e. legumes grown for their dry, non-oily seed) in rotation
with cereals have been shown to increase economic returns (Khakbazan
et al., 2009; MacWilliam et al., 2014), soil quality (Laudicina et al.,
2014; Liebig et al., 2006; Masri and Ryan, 2006), and cropping system
productivity (Burgess et al., 2012; Fan et al., 2018b; Gan et al., 2015;
Khakbazan et al., 2009; López-Bellido et al., 1997; MacWilliam et al.,
2018; Melero et al., 2008; Miller et al., 2003; Sainju et al., 2006).

Conservation agriculture has been widely recommended as a po-
tential way to mitigate climate change by sequestering atmospheric C as
soil organic C (SOC) (Lal, 2015; UNEP, 2013). Increases in SOC with CA
have been mostly attributed to differences in C input from crop residues
(Campbell et al., 2007; Engel et al., 2017; Maillard et al., 2018;
Shrestha et al., 2013). In dry temperate climates, bare fallow is common
in conventional non-CA cropping systems and, compared to crop-
fallow, continuously cropped rotations have higher C input to the soil
leading to about 200–250 kg C ha−1 increase in SOC stocks for each
additional Mg C ha−1 input in the North American Great Plains
(Campbell et al., 2005). Pulses produce less residue than cereals so
usually the diversification from monoculture cereals to diversified ro-
tations with cereal and pulses under CA reduces SOC (Laudicina et al.,
2014; Maillard et al., 2018; Sainju et al., 2006) although Mohammad
et al. (2012) found SOC was increased by include a pulse crop in ro-
tation with wheat. The effect of NT, a central practice of CA, on SOC
stocks is not consistent (Powlson et al., 2014; VandenBygaart, 2016).
Some studies have shown that SOC stocks increase in upper 15−20 cm
in NT compared to conventional minimum tillage (Farina et al., 2011;
Laudicina et al., 2014; Maillard et al., 2018; McConkey et al., 2003;
Melero et al., 2008; Mohammad et al., 2012) while other studies show
no significant difference between NT and tilled systems (Sainju et al.,
2015, 2011; Shrestha et al., 2013).

Meeting N demand efficiently with low N losses is a critical chal-
lenge for the food production system that will be difficult to address
(Conijn et al., 2018). The role of CA on N cycling are complex, variable,
and can change with the duration of CA (Grahmann et al., 2013). In the
short term, the immobilization of N with crop residues can decrease
nitrogen use efficiency (NUE) compared to conventional systems and
increase need for higher mineral N additions to maintain yields
(Grahmann et al., 2013). In the longer term, CA will increase poten-
tially mineralizable N (Mahal et al., 2018) and can reduce losses of N in
mineral forms from leaching, so that uptake of N fertilizer is lower than
conventional systems (Meena et al., 2016). Diversification with pulse
crops within CA is also important since that has been shown increase
available N for non-legume crops in the rotation (Miller et al., 2003;
Sainju et al., 2018; Williams et al., 2014).

The objectives of this study was to investigate how the components
of conservation agriculture, continual crop cover (no bare
fallow + NT), minimal disturbance (NT), and adding diversification
(from monoculture cereal to cereal-legume rotation), act individually
and together as conservation agriculture system on crop productivity,
water use efficiency (WUE), N status, and SOC in a Vertisol in a semi-
arid, temperate climate over three decades (1982–2011).

2. Material and methods

2.1. Site and experiment description

The experiment was conducted at Stewart Valley, Saskatchewan,
Canada (50°36´N, 107°48´W). The climate, as recorded from a weather

station located in the Swift Current, 50 km S of the study site, is semi-
arid, with 30-year mean annual temperature of 3.3 °C and annual pre-
cipitation of 334 mm. The soil is Sceptre clay, with 42.7 % clay, 31.6 %
silt, and 25.7 % sand, and classified as Vertisol under the Canadian
system and as Haplic Vertisol under the FAO system [note in papers
covering the early results of this study (Campbell et al., 1996;
McConkey et al., 1996, 2003; Tessier et al., 1990) the soil was referred
to as Chernozemic because the Vertisolic soil order was introduced into
Canadian soil classification after study started (Soil Classification
Working Group, 1998)]. The topsoil (A horizon) is 8 cm deep over
undifferentiated clay parent material (C horizon) (Ayres et al., 1985).
The soil (0–8 cm) prior to the initiation of the experiment had a pH of
7.0, bulk density of 1.28 g cm−3, and contained 16 g kg−1 organic C.

The experiment was initiated in 1982 on wheat stubble as a ran-
domized complete block design with three replicates and a plot size of
15 × 30 m. In the previous 60–80 years, the land was managed in a
fallow-wheat rotation using CT methods, which was the predominant
farming system in the region. Initially, four cropping systems were
implemented with monoculture spring wheat (Triticum aestivum L.);
fallow-wheat (FW) rotation under two levels of tillage (MT: minimum
tillage; NT: no tillage) and continuous wheat (CW) rotation under MT
and NT. Both rotation phases for FW rotation were present each year.

A FW-CT system was added in 1990 on a former FW-NT treatment
that had been seeded with a different seed drill than the reported
system. A CW-NT/MT system was added in 1995 on an unreported CW-
NT treatment that had been seeded with same seed drill used in the CW-
CT and CW-MT systems. The CW-NT/MT had biennial tillage – it was
MT in odd years and NT in even years. In 1996, the FW-MT system was
converted to wheat-pulse (WP)-MT rotation, while FW-NT was con-
verted to WP-NT rotation. Both rotation phases were present each year
and the pulse crop rotated between lentil (Lens culinaris Medik.; in
2000, 2001, 2003, 2006, 2007, 2010, and 2011), chickpea (Cicer ar-
ietinum L.; in 1998 and 1999), and pea (Pisum sativum L.; in 1996, 1997,
2002, 2004, 2005, 2008, and 2009) so that the same pulse type was on
one plot no more frequently than one year in four. Cultivars for all crops
were chosen based on annual recommendations by Saskatchewan
Ministry of Agriculture and changed throughout the study.

Commercially available machinery was used to perform all field
operations with exception of NT seeding prior to 1996 that used a re-
search NT drill (Dyck and Tessier, 1986). All land, whether being fallow
or cropped the next year, received an application of 2,4-D ester in
October to control winter annual broadleaf weeds.

The fallow phase of FW-CT had two to four tillage operations for
weed control during over the late May to early September period using
a heavy duty cultivator. The fallow phase of the FW-MT had an appli-
cation of glyphosate, in a mixture with 2,4-D or Dicamba, in late May or
June plus one to three tillage operations over July to early September.
The tillage depth for CT and MT was 5–8 cm. The fallow phase of the
FW-NT system had two to four applications of glyphosate, in a mixture
with 2,4-D or Dicamba. For all the fallow phases, the number and
timing of herbicide applications and/or tillage operations varied by
year based on weather-related need to have good weed control over the
growing season of May to September.

During the crop phase of the rotations, under the CT and MT tillage
systems, there was a single pre-seeding tillage operation with cultivator
and mounted spring-tooth harrows to 5−8 cm depth. Up to 1996, The
NT systems were seeded with a research offset-disc seed drill while the
CT and MT systems were seeded with a hoe-press drill. For 1996 on-
wards, all tillage systems were seeded with a commercial NT drill
having 5 cm wide knives with seed and fertilizer conveyed to the knives
by air through tubing (Flexi-Coil 5000, Flexi-Coil, Saskatoon,
Saskatchewan). All crops were seeded 2.5–5 cm deep. Seeding rates
were 67, 75, 120, and 80 kg ha−1 for wheat, chickpea, lentil and pea,
respectively.

The rate of N fertilizer for wheat was based on a target of the total of
fertilizer N + soil NO3

−-N to 60 cm from fall sampling equal to 65 kg
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ha−1 before 1990 (Saskatchewan Agriculture, 1985) and to 90 kg ha−1

from 1990 onward (Saskatchewan Soil Testing Laboratory, 1990). Be-
fore 1996, fertilizer N was applied as ammonium nitrate, with up to
45 kg N ha−1 seed placed and the remainder, if any, broadcast before
any spring tillage. From 1996 onwards, N was applied with the seeding
operation as urea and was side-banded 2.5 cm below and 2.5 cm to the
side of the seed row. Throughout the study, wheat and pulse crops had
recommended annual application of 10 kg P ha−1 as mono-ammonium
phosphate that was seed-placed. Consequently, although N was not
recommended for pulse crops, they received 5 kg N ha−1 with the
fertilizer P. Each year, the pulse crops had a recommended rhizobium
inoculant applied as peat-based formulation adhered to the seed. In
general, the annual N fertilizer application rates in FW were about 1/3
of the corresponding values in CW systems while those for WP were
about 1/2 of CW.

In-crop herbicides were applied in June based on weed situation and
according to annual recommendations in the crop protection guide
(Government of Saskatchewan, Regina, SK); the herbicides thus varied
over the duration of experiment. For practical reasons, all plots in the
same crop received the same in-crop herbicide application in any one
year. The wheat received a selective herbicide for grassy weed control,
often in a mixture with an herbicide for broadleaf weed control. The
pulses received an herbicide for control of grassy weeds. Chickpea re-
ceived prophylactic foliar applications of the fungicide, chlorothalonil,
in late June and again in July to control ascochyta blight caused by
Didymella rabiei. Foxtail barley (Hordeum jubatum L.) became a problem
in CW-NT only (Hume et al., 1991) and this weed was believed to de-
crease the agronomic performance of that system compared with CW-
MT (McConkey et al., 1996). From 1996 onwards, this perennial weed
was effectively controlled with a post-harvest application of glyphosate
every two to four years as necessary. Other than foxtail barley for CW-
NT before 1996, weeds or diseases were judged to be not important
agronomic factors nor important to differences between rotations or
tillage systems.

Up to 1996, grain yield was determined at crop maturity from three
manually harvested 1 m2 quadrats and, thereafter, from a 1.5 × 10 m
area harvested with a plot combine. Grain samples were analyzed for
grain protein, which were determined as 0.57 × Kjeldahl N (Kirk,
1950) from 1981 to 1998 and by near infrared reflectance spectro-
photometry (Dalal and Henry, 1986) afterward. After yield sampling,
the plots were harvested with full-size combine that also chopped and
spread the crop residues over the plot area. The amount of crop residue
after harvest, including stubble, was determined by manual samples
regularly to 1993 and intermittently afterward by taking five 0.5 m2

samples per plot, removing soil in the sample by washing in a water
bath, and determining remaining mass after drying at 60 °C for 16–24 h.

2.2. Soil sampling and organic carbon analysis

Soil samples were collected in November 1982, April 1986, April
1990, October 1993, April 1998, October 2003, October 2007, and
October 2011. For 1982, three 2-cm core samples were taken randomly
per plot and composited for the 0–15 and 15–30 cm depths. For 1986,
1990, and 1993 samplings, six 4-cm soil cores for 0–7.5 and 7.5–15 cm
were taken randomly over each plot, with at least 5 m between sam-
pling locations, and composited by depth. For 1982–1993, three addi-
tional 5-cm soil cores per plot were randomly taken for bulk density
determination using the method described by Tessier and Steppuhn
(1990). The mean of all the bulk density samples within a plot was used
as the plot mean. For 1998, 2003, 2007, and 2011 samplings, three 7.5-
cm soil cores were taken per plot for depths of 0–7.5 cm, 7.5–15 cm,
and 15–30 cm and composited by depth. The WP rotation systems were
not sampled in 1998. The sampling location was random except, for
1998–2011 sampling, when one core was on the previous crop row and
the other two were somewhere between the rows, which approximately
took soil from the entire row width as crop row width was 23 cm. For

1998–2011 sampling, the samples were composited by depth and the
bulk density was also determined for the same samples based on the
moisture content of a subsample determined by drying for 16−24 h at
105 °C.

The soil samples were air dried and sieved (2 mm) by hand and
large residue pieces and the rare stone larger than 2 mm was removed
by hand. A representative subsample of the soil was ground in a roller
mill (< 153 μm) and analyzed for organic C by an automated dry
combustion technique (Carlo Erba™, Milan Italy). To remove carbo-
nates, soil samples were pre-treated with phosphoric acid in a tin
capsule after weighing, then drying the sample for 16 h at 75 °C prior to
analysis for C.

For each soil layer, the total organic C stock (Mg ha−1) was com-
puted by multiplying the C concentration (g kg−1 soil) by the layer
thickness and the respective bulk density. To account for the possible
changes in bulk density as a result of crop rotation and tillage practices,
the C stock was calculated on an equivalent soil mass basis (Ellert et al.,
2007). The soil equivalent masses were set to the mean of the ob-
servation for the respective 0–7.5, 0–15, and 0–30 cm soil layers and
the correction of C stock involved either adding soil mass from the
lower depth or subtracting soil mass for the current depth as required to
obtain total mass equal to the mean equivalent mass.

The total C input to the soil from above-ground and below ground
crop residue was calculated from measured grain yield using published
relationships (Thiagarajan et al., 2018).

2.3. Environmental variables measurements

Gravimetric soil water content to 120 cm was measured before
seeding in spring from 1983 to 2011. The precipitation and air tem-
perature were monitored with an automatic weather station in the Swift
Current, Saskatchewan, Canada. Aridity index (AI) (Cherlet et al.,
2018) was calculated as annual precipitation divided by annual po-
tential evapotranspiration, which was calculated according to FAO’s
Penman-Monteith ET approach (Allen et al., 1998).

2.4. Water use efficiency

To address water use efficiency (WUE) for crop production, WUE
(kg ha−1 mm−1) was calculated as:

=
+

WUE Y
W W GSP( )

G

p h

where YG is the grain yield (kg ha−1), Wp and Wh are the soil water at
planting and at harvest (mm 30 cm−1), respectively, and GSP is the
growing season precipitation (mm), calculated as that from 1 May to 31
July as precipitation over that period is most important to crop growth
in this region (Campbell et al., 1988). However, WUE does not take into
account the water that is not used during the summer fallow phase
because yield is zero (Kröbel et al., 2012). Therefore, precipitation use
efficiency (PUE, kg ha−1 mm−1) is an effective way to compare WUE
between different cropping systems with and without summer fallow in
rotations and was calculated as below:

=PUE Y
P
G

where YG is the grain yield (kg ha−1), P is the precipitation (mm) from
harvest to harvest.

2.5. Nitrogen use efficiency

N fertilizer use efficiency (FUE) and available N use efficiency
(NUE) were calculated to estimate N use efficiency for crop grain pro-
duction. The FUE (kg−1 kg−1) was calculated as:
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=FUE Y
Fertilizer N

G

where YG is the grain yield (kg ha−1), and fertilizer N (kg N ha−1) is the
amount of fertilizer N added. The NUE of grain production (kg−1 kg−1)
was calculated by including spring NO3-N and apparent net N miner-
alization (ANM) in addition to N fertilizer applied as described below:

=
+ +

NUE Y
Fertilizer N Soil NO ANM

G

3

where YG is the grain yield (kg ha−1), fertilizer N (kg N ha−1) is the
amount of fertilizer N added, soil NO3 is the soil NO3-N (0−30 cm; kg N
ha−1) measured before planting, and ANM (kg N ha−1) is the apparent
in-season net N mineralization calculated as below:

= + +ANM crop uptake harvest soil N spring soil N N fertilizer( ) ( )a b,

where crop uptake (kg N ha−1) is total above-ground crop N uptake,
harvest soil Na, b (0−30 cm; kg N ha−1) is soil NO3-N measured soon
after crop harvest (a = crop phase) or in late fall (b = fallow phase),
spring soil N (0−30 cm; kg N ha−1) is soil NO3-N measured before
planting and fertilizer application, and N fertilizer (kg N ha−1) is the
amount of fertilizer N added. For the fallow phase, crop N uptake and
fertilizer N added were set to zero. For the pulse phase, ANM includes
fixed N during the growing season.

2.6. Statistical analysis

The effects of crop rotations and tillage practices on soil water
content, crop yield, wheat grain protein content, WUE, PUE, FUE, NUE,
and SOC stocks were analyzed for each year using mixed effects model
by the “lme4” R package (Bates et al., 2015), where crop systems were
considered as fixed effect and blocks were considered as random effect.
When multi-year comparison was conducted, year was treated as
random effect as well. Tests of contrasts were used to further compare
the crop rotations and tillage systems by using the “multcomp” R
package (Hothorn et al., 2008). A post-hoc comparisons of crop vari-
ables between NT and MT or CT under the same rotation were per-
formed via multiple comparison tests with a Tukey’s adjustment of P-
values, using the “lsmeans” R package (Lenth, 2016). All treatment ef-
fects were considered significant at P < 0.05. The natural logarithm of
yield relative ratio (LnRR) was calculated as the ratio between NT and
MT yields (Hedges et al., 1999) to evaluate the relationship between NT
yield advantage and climate variables. All statistical analyses were
performed with the R software (R Core Team, 2019).

3. Results

3.1. Environment variables

The annual precipitation during 1982–2011 was in the range of
189−639 mm, where ∼49 % occurred in the growing season (1 May to

31 July, Fig. 1). Annual mean air temperature ranged from 1.6 °C in
1996 to 6.7 °C in 1987, while growing season temperature ranged from
13.0–18.6 °C with an average of 14.9 °C. Averaged AI (0.48) was less
than 0.5, indicating a semiarid climate (Cherlet et al., 2018), with only
four years meeting a humid classification of AI > 0.65 (1993, 1995,
2002, and 2010).

Crop residue after harvest on the soil surface was significantly af-
fected by both rotation and tillage (Fig. 2). The 1982–2011 average
residue amounts under CW (2538 kg DM ha−1) were 20 % and 50 %
higher than FW and WP respectively (P < 0.05). Furthermore, NT
(2768 kg DM ha−1) showed 49 % and 92 % higher crop residue than
MT and CT respectively (P < 0.05).

Generally, all treatments showed similar temporal variation of soil
water content (Fig. 3), which was mainly driven by annual weather.
Soil water content was significantly higher under FW rotations than CW
(P < 0.05) for both the 0−30 and 30−120 cm depths. There was no
significant difference (P > 0.05) between WP and CW rotations in
0−30 cm but WP had higher (P < 0.05) soil water than CW for
30−120 cm. NT increased soil water content for both the 0−30 and
30−120 cm compared to MT. There were no significant differences in
soil water content between the NT and MT in FW or WP rotation.

3.2. Crop yields, wheat grain protein, and grain N yield

Significant rotation effect on wheat yield was observed in the pre-
sent study (Table 1), where the averaged wheat yield of CW was 26 %
lower than FW in 1982−1995 and was 10 % lower than WP in
1996−2011 respectively (P < 0.05). The 1996−2011 average wheat
yield under NT was 5% higher than MT (P < 0.05; Table 1). Fur-
thermore, the 1996−2011 average wheat yield in CW-NT/MT treat-
ment was 6% higher than that in CW-MT (P < 0.05; Table 1).

Fig. 1. Temporal variations in annual and growing season (1 May to 31 July) precipitation (mm) and mean air temperature (°C) from 1982 to 2011.

Fig. 2. Crop residue after harvest (kg DM ha−1) from 1982 to 2011. (FW-CT
was implemented in 1990).
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However, at system level by including zero yield for the fallow phase in
FW rotation, crop productivity in FW was 34 % lower than CW in
1982−1995 and 33 % lower than WP in 1996−2011, respectively
(P < 0.05, Table S1).

The 1996−2011 average pulse yield under NT was 14 % higher
than MT (P < 0.05) although, for individual years, this tillage effect
was only statistically significant for lentil in 2003, 2006, and 2007
(Table 1). When analyzed separately for each rotation, the significance
of the tillage effect was more variable across time. There was a sig-
nificant difference between FW-NT and FW-MT in 1988, 1989, and

1991. But the difference in wheat yield between NT and MT was only
significant in 1989 under CW rotation and in 2011 under WP rotation
(Table 1).

In the period of 1982−1995, there was no significant rotation effect
on wheat protein content (P > 0.05), while protein content under NT
was 6% lower than MT (P < 0.05; Fig. 4). In the period of
1996−2011, the average wheat protein in WP was 6% higher than CW
but there was no significant tillage effect on protein content.

Wheat N yield, calculated as wheat grain yield multiply N content,
was 40 % higher under CW rotations than FW rotations in the period of

Fig. 3. Spring soil water content (%) for 0-30 cm and 30-120 cm soils in different treatments from 1982 to 2011.

Table 1
Effect of rotation and tillage system on crop yield (kg ha−1)a.

FWb CW (W)P W(P)c (W)P vs CWd

CT MT NT MT NT NT/MT MT NT MT NT

1982 – 1645 2084 1577 1897
1984 – 2005 2146 1166 1286
1985 – 1964 1993 1156 1265
1987 – 2313 2226 783 794
1988 – 1091b 1391a 0 0
1989 – 2612b 2738a 1663b 2276a
1990 3317 3173 3552 2159 2385
1991 3411a 3533a 2555b 3052 2788
1992 3804 3530 3471 2017 1953
1993 3738 3726 3051 2783 2758
1994 3043 2852 2774 2518 2291
1995 3287 2932 2685 2499 2310 2527
1982−1995 2615 2555 1943 2000
1990−1995 3433a 3291a 3014b 2505 2414
1996 3015 2276 2147 2210 – – 3070 3238
1997 3212 2511 2861 2944 2908 2903 2205 2557 ns
1998 3352 1337 1440 1448 1161 1108 1194 1425 *
1999 3667 3234 3139 2925 3170 3349 2513 2380 ns
2000 2892 1962 1748 2299 1626 2137 1882 2780 ns
2001 2287 663 969 771 824 895 419 710 ns
2002 2755 2100b 2533ab 2691a 2449 2608 2288 2436 ns
2003 2553 2145 2158 2031 2320 2142 1082b 1536a ns
2004 3704 2690 2412 2612 3143 2874 2607 2755 **
2005 3606 2948 3205 3342 3461 3603 3047 3184 ns
2006 3405 2037 1907 1999 1988 2235 1061b 1397a ns
2007 3050 2193 2467 2212 2648 2648 1379b 1778a +
2008 3663 2970 3230 3426 3287 3688 2829 3323 ns
2009 3459 2278 2476 2262 2612 2582 1633 1704 ns
2010 2964 2932 3005 3006 3326 3661 2001 1816 *
2011 2556 2638 3040 2899 3304b 3859a 1938 2335 ***
1997−2011 3142 2309b 2439a 2458a 2548b 2686a 1872b 2142a ***
1996−2011 3134 2307b 2421ab 2442a 2548b 2686a 1947b 2210a ***

a FW, fallow-wheat rotation; CW, continuous wheat; WP, wheat-pulse rotation; CT, conventional tillage; NT, no tillage; MT, minimum tillage; NT/MT, no tillage-
minimum tillage rotation. Different lower-case letters indicates significant tillage effect for each rotation at P < 0.05; no yield in 1983 due to hail.

b Wheat yield in FW is for the crop year only since both rotation phases (fallow and wheat) were present each year in the experiment; Yield could be divided by 2
to obtain the average annual yield that includes the fallow year.

c The pulse crop was alternated between lentil (2000, 2001, 2003, 2006, 2007, 2010, 2011), chickpea (1998, 1999), and pea (1996, 1997, 2002, 2004, 2005,
2008, 2009); (W)P means wheat yield in WP rotation, while W(P) refer to pulse yield in WP rotation.

d (W)P vs CW, comparison of wheat yield between WP and CW system. * P < 0.05; ** P < 0.01; *** P < 0.001; + P < 0.10; ns, not significant.
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1982−1995 (P < 0.05), but no significant difference was obtained
between NT and MT in the same period (Fig. 4). In the period of
1996−2011, the crop N yield (wheat plus pulse) was significantly af-
fected by both rotation and tillage (P < 0.05) that WP induced 17 %
higher wheat N yield than CW and NT resulted in 5% higher values than
MT. For the 1996−2011 period, average grain N for CW systems ac-
counted for about 90 % of fertilizer N applied (Fig. 4). In contrast, the
grain N removed from FW and WP systems during this period were 105
% and 139 % fertilizer N applied.

3.3. Water and nitrogen use efficiency

PUE for wheat production under CW rotations were 42 % and 48 %
higher (P < 0.05) than FW rotations in the period of 1982−1995 and
1996−2011, respectively, while no significant difference was obtained
between NT and MT in the same period for wheat production (Fig. 5).
In the period of 1996−2011, PUE for pulse production was 14 % higher
(P < 0.05) under NT than MT. In contrast, WUE for wheat production
under FW were 54 % and 36 % higher than CW rotations in the period
of 1982−1995 and 1996−2011, respectively. There was no significant
difference between NT and MT other than WUE for pulse was 15 %
higher (P < 0.05) under NT (Fig. 5).

FUE for wheat production under FW rotations were 2.9- and 2.4-
fold greater (P < 0.05) than CW rotations in the period of 1982−1995
and 1996−2011, respectively (Fig. 6). Under FW rotations, FUE for MT
was 28 % higher (P < 0.05) than NT in the period of 1982−1995, but
no significant tillage effect on FUE was obtained under CW rotations in
the period of both 1982−1995 and 1996−2011. On the contrary, FUE
for pulse production under NT was 14 % (P < 0.05) higher than under
MT in the period of 1996−2011. Furthermore, significant tillage effect
on NUE for wheat production was observed under both FW and CW
rotations in the period of 1982−1995 that NT showed 9% and 12 %
higher values than MT, respectively. However, no significant tillage
effect on NUE was obtained for either wheat or pulse production in the
period of 1996−2011.

The ANM was much higher for the pulse crops than wheat (Fig. 6).
For 1982−95 period, the ANM for FW was higher for both the fallow
and crop phase than the crop phase for CW. For the 1996−2011 period,
the ANM for crop phase of WF was higher than wheat in continuous
rotations, although the difference was not significant for WP-NT.

3.4. SOC stocks

The SOC stocks in the 0–7.5 cm soil layer were notably affected by
cropping system from 1986 to 2011 (Table 2). The SOC stocks in the
CW rotations were 25–29 % higher (P< 0.05) than those in the FW
rotations from 1998 to 2011, while no significant difference was ob-
served between CW and FW rotations before 1998. In general, the SOC
stocks in the 0–7.5 cm soil layer were markedly higher in NT systems
than in tilled systems (CT & MT) from 1986 to 2011. Nevertheless,
when each rotation was analyzed separately, the significant tillage ef-
fects were only obtained between FW-NT and FW-MT in 1990 (22 %
higher in NT) and between CW-NT and CW-MT in 1986 (29 % higher in
NT). The CW-NT/MT showed 21–27 % higher (P < 0.05) SOC stocks
than CW-MT in 2007 and 2011, while no significant difference was
obtained between CW-NT and CW-MT or between CW-NT/MT and CW-
NT. Furthermore, WP-NT also resulted in 15–24 % higher SOC stocks
than WP-MT from 2003 to 2011 albeit not significant (P > 0.10).

The effect of cropping system on SOC stocks in the 0–15 cm soil
layer was significant in 1990 and 2011 (P < 0.05) but were marginal
(P < 0.10) in 1986 and 2007 (Table 2). Although no significant dif-
ference of SOC stocks in the 0–15 cm soil layer was observed between
different rotations (P> 0.10), they were significantly higher in NT
systems than in tilled systems (CT & MT) in 1986 and 1990. When each
rotation was analyzed separately, however, the significant tillage ef-
fects were only detectable between FW-NT and FW-MT in 1990 (22 %
higher in NT, P < 0.05). Furthermore, the CW-NT/MT showed sig-
nificantly higher SOC in 15 cm than the FW-CT in 2011.

For 0–30 cm soil layer, no significant effect of crop rotation or til-
lage system on SOC stock was observed for any sampling period in the
present study (Table 2)..

Fig. 4. Annual N fertilization rates (kg N ha−1), protein content (%) in wheat,
and crop N yield (kg N ha−1) in different treatments in 1982-1995 and 1996-
2011. About 5 kg ha−1 N fertilizer was applied to pulse crops from P fertilizer as
mono-ammonium phosphate.
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4. Discussion

4.1. Residue, productivity, water and N use efficiencies as affected by
rotation and tillage

The surface residue followed the weather pattern where lowest
amount of residue occurred in 1988 following a number of dry years
but increased rapidly to highest measured in 1994 following wetter
years from 1989 to 1994 (Fig. 2). Since yields were relatively high from
2008 to 2011 (Table 1), the relatively low amount of surface residue in
2011 was unexpected and may be related to much increased decom-
position during the above-average annual and growing season pre-
cipitation in 2010 and 2011.

Expectedly, since a major reason for fallowing is to have more
stored soil water, wheat on fallow had higher soil water content, which
reduced water stress and contributed to higher yields, WUE, and NUE
for FW, with wheat yield in crop years were more than double those of
CW in dry years including 1987, 1988, 1998, and 2001 (Table 1).
However, FW makes relatively inefficient use of land and water as in-
dicated by lower PUE than the continuous rotations (Fig. 5) and total
wheat production about two-thirds that of CW at system level (Table
S1). The 1990–95 results including CT suggest that tillage is clearly
beneficial for wheat production on fallow. This can be related to tillage
increasing N mineralized from soil organic matter (McConkey et al.,
2002), a critical source of N since harvested grain N typically exceeds N
fertilizer added (Fig. 4), which further suggests that N fertilization
rates, based on a target of the total of fertilizer N + soil NO3

−-N to
60 cm from fall sampling equal to 90 kg ha−1, were suboptimal for
relatively high-yielding FW.

For 1982−95, the CW-NT had higher NUE (Fig. 6) than the CW-MT
with trend for lower grain protein and grain N (Fig. 4). The results
indicate that CW-NT had lower N availability than CW-MT, which can
likely be related to the loss of N fertilizer that was surface broadcast for
the NT versus all soil incorporated for the MT (Malhi et al., 2001) with
equivalent grain N between tillage systems. With higher rates of N
fertilizer that was banded to the side of the seed, grain N and protein
were higher for 1996−2011 than 1982−95 (Fig. 4).

Our hypothesis was that the CW-NT/MT would have intermediate
yields between CW-NT and CW-MT but, in fact, it had average yields
equal to CW-NT and higher than CW-MT (Table 1). There were no
obviously apparent differences between tillage systems regarding
weeds, diseases, crop establishment, although no measurements for
those factors were made to substantiate those perceptions. The yield
advantage of biennial tillage was largest in the NT phase (even years)
when CW-NT/MT had higher (P < 0.05) average yield (2461 kg ha−1)
than either CW-NT (2303 kg ha−1) or CW-MT (2288 kg ha−1). In the
MT phase, the average yield of CW-NT/MT (2423 kg ha−1) was inter-
mediate and not different (P > 0.05) from CW-NT (2539 kg ha−1) or
CW-MT (2326 kg ha−1). The surface residue for CW-NT/MT was equal

to CW-NT in the NT phase (1998) but, as expected, was intermediate
between CW-NT and CW-MT in the MT phase (1997, 1999, 2003, and
2011) (Fig. 2). The higher yield for CW-NT/MT when in NT indicate
that wheat productivity under NT benefits from less surface residue
than is the case for CW-NT and/or from the amelioration by MT of some
unidentified soil or biological impediment that, otherwise, restrains the
yield of continuous NT from reaching its potential. The trend was for
CW-NT/MT to have slightly higher ANM than other CW systems sug-
gesting it had higher N availability. Venterea et al. (2006) also found
that alternating between NT and CT in successive years did not have
intermediate grain yields between NT and CT but instead had yields
equal to the higher yielding CT. Reviews of infrequent tillage of NT
show that the practice can both increase and decrease productivity
compared to continual NT (Dang et al., 2015), so our finding of in-
creased productivity for periodic tillage with NT is not inconsistent with
the literature.

The greater pulse yield under NT than MT was in agreement with
several studies (Cutforth et al., 2002; Huggins and Pan, 1991), although
some have shown no effect of tillage system for pea (Deibert and Utter,
2004; Lenssen et al., 2018; Soon and Clayton, 2002). The yield ad-
vantage of NT was most pronounced under drier years for lentil and
under warmer years for pea (Table 1 and Fig. 7). Other studies in dry
temperate climates have also found that NT increases pulse crop yields
compared to tillage with the increase being most pronounced in dry
years (Giambalvo et al., 2012; Ruisi et al., 2012). Such advantage could
be attributed to greater water storage under NT than MT (P < 0.05,
Fig. 3). This is generally due to lower soil water evaporation because of
higher crop residues on the soil surface under NT (Fig. 2). On the other
hand, NT might increase infiltration rates because of the more stable
structure resulting from a more continuous pore system from dead roots
and from soil macrofauna activity (Giambalvo et al., 2012; Guzha,
2004).

The rotation advantage of pulse on yield, grain protein, N uptake,
and ANM for the following wheat crop compared to wheat after wheat
is consistent with that found in other studies and can be related to more
mineralizable N in pulse crop residues, more residual water in the
subsoil, and general rotational advantages of having different preceding
crop type (Burgess et al., 2012; Fan et al., 2018b; Miller et al., 2003).
Another key benefit of pulses is that they fix atmospheric N2 by root
nodule symbiosis and the slow-release of N from pulse residues and
roots favors the growth of succeeding crop (Boddey et al., 2010). The
yield advantage of wheat after pulse compared to CW increased by
41 kg ha−1 yr−1 (P < 0.001, Fig. 8), indicating that the benefits of
pulse crop on wheat production increases with time with pulse crops in
rotation. Our results that wheat in WP rotation showed 4–8 % higher
grain protein content than in CW rotation (Fig. 4), which thereby
confirmed that this benefit as pulses in rotations fundamentally
changed the N regime. In this region, wheat price generally increases
with protein content, so this protein difference for wheat following a

Fig. 5. Precipitation use efficiency (PUE), water use efficiency for 0-30 cm depth (WUE30).
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pulse crop is important economically. However, there was no evidence
of a tillage by rotation interaction as relative benefit of wheat after
pulse to wheat after wheat was the same under both tillage systems.

4.2. Effect of cropping systems on topsoil SOC stocks over time

For all tillage and crop rotations, the SOC stocks peaked in 1998 or
2003 samplings and then decreased in 2011, especially for 0−7.5 cm
soils (Table 2). Observations of dropping SOC has been observed in
other studies in the region. At a location 50 km south under the same
weather and over the same time period as this study, Maillard et al.

(2018) found even more dramatic decrease of SOC from 1998 to 2003
to 2011. They showed that SOC change was closely correlated with
annual precipitation such that SOC decomposition increased more with
increased precipitation than C input so that SOC declined in wetter
years. Therefore, in their study as in ours, SOC increased during the
drier 1980s and decreased during the wetter 2000s. Also, as in our
study, the SOC decrease to 2011 was similar across all tillage and crop
rotations. Several other studies in the region have observed generally
declining SOC (Sainju et al., 2015), particularly with fallow (Aase and
Pikul, 1995; Shrestha et al., 2013). Based on general settlement history,
the semiarid region of northern Great Plains was broken from original
grassland during the first three decades of the 20th century. Although
practically all loss of SOC from conversion of grassland to cropland is
expected in the first 20−30 years (Kim and Kirschbaum, 2015; Poeplau
et al., 2011), turnover of C is particularly slow in the cold, dry climate
of the region (Frank et al., 2012). Therefore, given the observations of
declining SOC, it is not unreasonable to postulate that SOC stock in this
region is still tending to decrease from the SOC stock levels under
grassland to a lower SOC stock level consistent with the balance of C
input and decomposition as cropland. Against the background of de-
clining cropland SOC, absolute increases in SOC would therefore be
exceptional and only occur when cropland C input minus SOC decom-
position is unusually positive, a situation that, evidently, occurred for
our study only during the 1980s.

In this study, significant effects of crop systems on SOC stocks were
found in the 0–7.5 cm soil layer from 1986 to 2011 and occasionally (in
1990 and 2011) in the 0–15 cm soil layer, which were primarily in-
duced by no-till implementation (Table 2). Our result is consistent with
the reported SOC response to agricultural management practice only in
the surface 7.5 cm (Campbell et al., 2000) to 15 cm (Maillard et al.,
2018) in the same region of Canada. There was no indication of an
interaction between soil depth and tillage systems, as the ranking of
SOC for the 0−30 cm depth was similar to the 0−7.5 and 0−15 cm
depths with lowest SOC for FW-CT, highest for CW-NT/MT, and with
CW-NT and WP-NT with more SOC than CW-MT and WP-CT (Table 2).

The ranking of SOC to 7.5 cm for the cropping systems at the ter-
mination of the experiment in 2011 was the same as the ranking in soil
C inputs for the 1996–2011 period, ranged from a low of 2.7 Mg ha−1

yr−1 for FW-CT to a high of 4.2 Mg ha−1 yr−1 for CW-NT/MT (data not
shown). This provides strong evidence that recent C input is an im-
portant driver of current SOC stocks.

Our initial hypothesis was that CW-NT/MT would have inter-
mediate SOC between CW-NT and CW-MT, but its SOC ranked highest
among treatments to 30 cm in the latest samplings (2007 and 2011,
Table 2). In a moist, cold temperate climate, Venterea et al. (2006) also
found that alternating tillage and NT had highest SOC, higher than the
NT but not significantly different from CT. Generally, though, in-
frequent tillage generally causes a decrease of SOC compared to con-
tinuous NT (Conant et al., 2007; Dang et al., 2015), in contrast to our
findings. Given our unexpected results regarding both SOC and grain
yield, further research of frequent tillage with NT is warranted to de-
termine the soil-type-crop rotation-climate situations for which it pro-
vides any productivity or SOC benefit and to then determine the cause
of the benefit.

For the 1996−2011 period, there was no evidence of an interaction
between tillage system and continuous rotations of CW and WP,
agreeing with the findings of other studies in dry temperate climates
(López-Bellido et al., 1997; Sainju et al., 2006). WP provides a green-
house gas (GHG) mitigation through C sequestration compared with FW
but not with CW (Table 2). However, the substituting pulse for a non-
legume crop within the rotation provides important GHG mitigation
because the symbiotic N fixation for the pulse reduces dependence on N
from fossil-fuel derived fertilizer (Khakbazan et al., 2009; MacWilliam
et al., 2018).

Fig. 6. Fertilizer N use efficiency (FUE), available N use efficiency (NUE), and
apparent N mineralization and fixation (ANM) in different treatments in 1982-
1995 and 1996-2011.
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5. Conclusions

We found both tillage system and crop rotation had significant ef-
fects on crop yield, N uptake in grain, and topsoil SOC stocks over three
decades for a Vertisol in a dry temperate climate. Rotation effect on
wheat yield was significant with higher yields for FW than CW, while
WP rotation had higher wheat yield than CW that the benefit increased
by 41 kg ha−1 yr−1 in 1997−2011. Our results indicate that the wheat-
pulse rotation is beneficial to productivity under both MT and NT and
these benefits increase linearly with time.

Within FW, NT had the lower yields than CT, attributable to less N
mineralization from organic matter under NT, with MT yield inter-
mediate and not significantly different from either CT or NT. The pulse
crops yielded more under NT than MT, which was most pronounced
under drier and warmer years. Of importance for climate change
adaptation to warmer climate with more severe droughts, NT had
greatest pulse yield benefit over MT in warmer and drier years.

Annual grain N uptake was greater in WP than in CW or FW and
greater for NT than MT for WP. Wheat grain protein was higher in WP-
NT than CW or FW while wheat protein in WP-MT was higher than CW-
NT or FW-CT. The biennial tillage in CW-NT/MT benefitted the wheat
yield in the following NT year so that it was significantly greater than
that of CW-MT and CW-NT in those years.

The SOC stocks in the 0–7.5 cm soil layer were higher in NT systems
than in tilled systems for all sampling period. The CW and WP rotations

had higher SOC than the FW by the end of the experiment in 2011. Due
to lower C input, the WP had marginally lower SOC than CW.

In the semiarid, temperate climate, the cropping system consistent
with conservation agriculture, the pulse-wheat rotation under NT, was

Table 2
Effect of crop rotation and tillage system on SOC stocks for the 0–7.5, 0–15, and 0–30 cm soil layers.

0−7.5 0−15 0−30

Systems a 1982 1986 1990 1993 1998 2003 2007 2011 1982 1986 1990 1993 1998 2003 2007 2011 1982 1998 2003 2007 2011

FW-MT 10.9 12.5 12.0 11.8 24.9 28.4 26.1 25.6 46.8
FW-NT 11.0 14.1 14.6 13.7 24.8 31.6 31.7 30.2 49.1
FW-CT 12.6 13.0 12.3 12.1 11.6 27.1 27.9 24.7 24.8 24.0 52.9 44.9 45.5 43.8
CW-MT 10.1 11.9 12.5 13.1 15.2 14.5 13.3 13.4 23.0 27.1 25.9 26.8 28.2 28.1 26.2 25.6 43.8 50.8 47.5 46.5 48.1
CW-NT 12.3 15.3 14.3 14.6 16.4 16.5 16.2 15.4 25.5 31.6 29.4 29.7 28.9 30.6 28.4 29.0 48.0 51.7 54.2 48.2 49.8
CW-NT/MT 17.4 16.4 17.0 16.1 31.9 29.6 32.0 30.4 57.7 50.1 54.9 54.3
WP-MT 14.2 13.3 12.5 26.7 25.7 25.8 48.0 46.5 46.9
WP-NT 17.5 16.1 14.4 32.9 29.6 27.9 55.2 53.6 51.8

Fixed effect ns ** * * *** * *** *** ns + ** ns ns ns + * ns ns ns ns +
Contrast b

FW vs CW ns ns ns ns *** + ** *** ns ns ns ns ns ns ns ns ns ns ns ns ns
CW vs WP ns ns * ns ns ns ns ns ns
FW-CT vs CW-NT/MT *** + *** *** ns ns + * ns ns ns ns
FW-CT vs WP * * ** + ns ns ns ns ns
NT vs CT & MT ns ** ** * + * *** *** ns * ** + ns + ns ns ns ns ns ns ns
FW-NT vs FW-MT ns ns * ns ns ns * ns ns
CW-NT vs CW-MT ns ** ns ns ns ns ns + ns ns ns ns ns ns ns ns ns ns ns ns ns
CW-NT/MT vs CW-MT ns ns * ** ns ns ns ns ns ns ns ns

a Abbreviations are same as in Table 1. * P < 0.05; ** P < 0.01; *** P < 0.001; + P < 0.10; ns, not significant.
b All comparison were considered but only contrasts with at least one occurrence of P < 0.10 are shown in the Table.

Fig. 7. Correlation between the natural logarithm of yield relative ration (LnRR) and growing season precipitation (GSP) or growing season cumulative temperature
(GCT).

Fig. 8. Dynamics of yield advantage of wheat after pulse compared to CW,
calculated as the difference between wheat yield in WP and CW from 1997 to
2011.
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the system that had the most efficient use of fertilizer N and highest
annual wheat yield and quality. However, due to lower yield of pulses
than wheat, continuous wheat had the highest precipitation use effi-
ciency, and, at the end of the study in 2011, also had higher SOC.
However, SOC in WP-NT consistently ranked higher than any tilled
monoculture wheat system, and there was no clear tradeoff for WP-NT
compared to monoculture wheat.
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