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Abstract
Growers in the Northern Great Plains (NGP) are increasingly adopting winter wheat

(WW; Triticum aestivum L.) into their crop rotations in years of ideal fall plant-

ing conditions due to its high yield potential. Our study evaluated WW responses

to rotational crops, soybean (Glycine max L.) and lentil (Lens culinaris L.), field

peas (Pisum sativum L.), faba bean (Vicia faba L.), canola (Brassica napus L.), flax

(Linum usitatissimum L.), and oats (Avena sativa L.), and to different wheat rotational

schemes following the rotational crop: WW-WW, hard red spring wheat (HRSW)-

WW, and WW-HRSW. Although canola is traditionally favored for its snow-trapping

benefits, soybean and lentil can achieve similar or superior results, enhancing both

WW grain yields and protein concentrations when grown immediately after these two

rotational crops. These benefits persisted in the second wheat phase in the WW–WW

and HRSW–WW systems, albeit with increased variability. Canola stubble, while

not offering immediate advantages for WW, contributed to high and stable yields in

WW and HRSW when planted in the second year. However, a wheat yield drag was

noted in the second year, especially affecting HRSW, indicating that monoculture

cereal rotations are more detrimental to HRSW than to WW. In-crop growth patterns

aligned with yield responses, with leguminous stubbles, especially lentil, promoting

superior in-season growth compared to canola, flax, and oats. This study underscores

WW as a viable option for cereal phases in the NGP cropping systems, contributing

to enhanced ecological benefits in the local environment. By adopting WW in their

cropping systems, growers can accrue synergistic benefits with multiple rotational

crops.

Plain Language Summary
This study examined the effects of seven rotational crops (soybean, lentil, field

peas, faba bean, canola, flax, and oats) on subsequent wheat grown in three

Abbreviations: AMMI, Additive Main effects and Multiplicative Interaction; CV, coefficient of variation; HRSW, hard red spring wheat; LAI, Leaf Area

Index; NDVI, Normalized Difference Vegetation Index; PLS, Partial Least Squares; WW, winter wheat.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided the original

work is properly cited.

© 2025 His Majesty the King in Right of Canada and The Author(s). Crop Science published by Wiley Periodicals LLC on behalf of Crop Science Society of America. Reproduced

with the permission of the Minister of Agriculture and Agri-Food Canada.

Crop Science. 2025;65:e70047. wileyonlinelibrary.com/journal/csc2 1 of 19
https://doi.org/10.1002/csc2.70047

https://orcid.org/0000-0003-0952-0013
mailto:brian.beres@agr.gc.ca
http://creativecommons.org/licenses/by/4.0/
https://wileyonlinelibrary.com/journal/csc2
https://doi.org/10.1002/csc2.70047


2 of 19 WANG ET AL.Crop Science

rotational schemes (WW-WW, hard red spring wheat [HRSW]-WW, and WW-

HRSW) in the Northern Great Plains (NGP). We observed that soybeans and lentils

not only enhanced WW grain yields and protein concentration in the first wheat phase

but also improved the second wheat phase, despite increased variability. WW gener-

ally outperformed HRSW in monoculture cereal systems, particularly in the second

year after rotational crops, although both wheat types experienced yield reductions

in the second wheat phase. The study highlights the benefits of diverse crop rotations

and confirms that WW is a viable option for cereal phases in Canadian cropping

systems.

1 INTRODUCTION

Crop rotational diversity can lead to increased and stabilized

yield, enhanced nitrogen availability, reduced incidence of

diseases and weeds, decreased reliance on synthetic chemical

inputs, and improved resilience to multiple environmen-

tal stresses compared to monoculture (Gaudin et al., 2015;

Krupinsky et al., 2006; San Martín et al., 2019; Soon &

Arshad, 2004). Proper sequencing of crops is crucial for suc-

cessful dynamic cropping systems, influencing both yield

improvement and disease management. Conversely, improper

choice of rotational crops can reduce both yield and eco-

nomic stability of the system as a consequence of elevated

pest threats such as weed and disease infestations.

Wheat (Triticum aestivum L.) is often grown in Canada as

the dominant cereal phase in rotation with other commodities

including legumes and oilseeds (Beres et al., 2020). Stud-

ies conducted in the Northern Great Plains (NGP) observed

that winter wheat (WW) outyielded spring wheat (SW) by an

average of 36% (Entz & Fowler, 1991). Similarly, research in

Europe reported that WW produced 42% higher grain yields

compared to SW (Thorup-Kristensen et al., 2009). Addi-

tionally, Lollato and Edwards (2015) estimated that under

non-limiting conditions in the Southern Great Plains, the

maximum attainable WW grain yield could reach 7.68 Mg

ha−1. As such, growers in the NGP are interested in incor-

porating WW into their crop rotations to boost crop yield

and improve crop competitiveness with weed, disease, and

insect pests. Wang et al. (2024) noted that including WW

also facilitates better workload management during seed-

ing and harvest. However, drought stress in early spring,

a significant challenge under current climatic conditions,

adversely affects wheat productivity (Rashid et al., 2022) and

is expected to occur more frequently with climate change

(Jacques et al., 2021). Diversifying rotations and reducing

tillage can improve yields even in challenging conditions. For

instance, during hot and dry years in Eastern Canada, diver-

sifying corn (Zea mays L.)–soybean (Glycine max L.) and

reducing tillage increased corn and soybean yields by 7% and

22%, respectively (Gaudin et al., 2015). Although the bene-

fits of rotation vary with crops, weather patterns, and tillage

practices (Gaudin et al., 2015), integrating wheat into more

diverse rotations is expected to enhance yield stability.

Rotational crops can have varying effects on the subse-

quent crops. According to a review paper by Angus et al.

(2015), wheat responds most positively when preceded by

oats (Avena sativa L.), canola (Brassica napus L.), mustard

(Brassica juncea L.), flax (Linum usitatissimum L.), field

peas (Pisum sativum L.), chickpea (Cicer arietinum L.), lentil

(Lens culinaris L.), or lupins (Lupinus sp. L.), in ascending

order of favorable impact. Similarly, Groeneveld et al. (2024)

observed that sugar beet (Beta vulgaris L.) and winter oilseed

rape (Brassica napus L.) rotational crops provided superior

benefits to a succeeding WW phase in Germany. Kirkegaard

et al. (2004) also reported that Brassica oilseeds were an effec-

tive rotational crop to control crown rot in bread wheat in

Australia.

Leguminous rotational crops, such as field peas, provide

benefits not only to the first subsequent crop but also to the

second one. Kumar and Goh (2002) observed that residues

from white clover (Trifolium repens L.) and field peas con-

tinued to provide benefits for two and one subsequent wheat

crops, respectively, in New Zealand. Arshad et al. (1998)

reported significantly higher grain yield and above-ground

dry matter in the first wheat crop compared to the second

in systems involving field peas-wheat-wheat, canola-wheat-

wheat, and fallow-wheat-wheat in the NGP. In the same

region, Soon and Arshad (2004) observed similar positive

wheat responses to rotational crops, attributing the superior

yield of the second wheat phase following field peas to greater

nitrogen availability, particularly below 25-cm soil depth.

Conversely, Angus et al. (2015) noted diminishing effects

of rotational crops on the second and third wheat phases

compared to the first in Australia.

Despite the well-established benefits of rotational diversity,

the immediate impacts of preceding crops on the perfor-

mance of subsequent wheat phases in the NGP are not

fully documented. Moreover, the range of crop options for
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diversification continues to expand on account of emerging

markets and a changing climate. One example is the westward

expansion of soybean in Canada. This study aims to quantify

the effects of diverse rotational crops on both the immediate

(first) and second wheat phases, with a particular focus on

WW and hard red spring wheat (HRSW) systems. The objec-

tives of this study were to (1) evaluate the environmental and

economic benefits of WW compared to HRSW and (2) assess

both WW and HRSW responses to leguminous, oilseed, and

cereal rotational crops. By evaluating the influence of these

rotational crops, the research will provide a comprehensive

understanding of how rotational diversity impacts wheat yield

stability. This study will also provide growers with valuable

insights to optimize rotational schemes for improved wheat

productivity and sustainability.

2 MATERIALS AND METHODS

2.1 Site description and experimental
design

Field experiments were conducted at four locations across

western Canada—Lethbridge (Alberta), Saskatoon, Indian

Head (Saskatchewan), and Brandon (Manitoba)—over the

period from 2018 to 2022. A comprehensive set of soil,

agronomic, and environmental data for each site-year is sum-

marized in Table 1. The study involved two main sets of

treatments: (i) seven rotational crops (soybean, lentil, field

peas, faba bean, canola, flax, and oats) and (ii) three 2-year

wheat rotation systems as the succeeding wheat phases (WW-

WW, HRSW-WW, and WW-HRSW). The rotational crops

were planted in 2018, 2019, and 2020 to establish stubbles

for the two wheat phases, which were subsequently planted

in 2019, 2020, 2021, and 2022. The WW and HRSW culti-

vars used in this study were a Canada Western Red Winter,

AAC Wildfire (Graf et al., 2016), and a Canada Western Red

Spring, AAC Viewfield (Cuthbert et al., 2018), respectively.

The treatments of this study were arranged in a factorial ran-

domized complete block design with four replicates, resulting

in a total of 84 plots (21 treatments× 4 replicates) at each loca-

tion. The plot dimensions varied by location, ranging from 3.4

to 3.7 m in width and 10 to 15 m in length.

2.2 Seeding operations and experimental
procedures

Each plot was treated with glyphosate (RoundUp, Bayer Crop-

Science Canada) a few days before seeding, applied at a rate of

900 g a.i. ha−1 using a motorized sprayer calibrated to deliver

a carrier volume of 45 L water ha−1 at 275 kPa pressure.

The seeds of both WW and HRSW were treated with Raxil

Core Ideas
∙ Wheat responses to rotational crops in the North-

ern Great Plains often rely on information gener-

ated from other production regions.

∙ In years of optimal fall planting conditions, grow-

ers may consider winter wheat but uncertainty of

preceding crop stubble compatibility aside from

canola is an obstacle to adoption.

∙ Soybean and lentil rotational crops were superior in

terms of enhanced winter wheat (WW) grain yields

and protein concentration.

∙ The benefits of soybean and lentil persisted in a

subsequent second wheat phase in the WW–WW

and hard red spring wheat (HRSW)–WW systems.

Pro (tebuconazole (3.0 g L−1), prothioconazole (15.4 g L−1),

and metalaxyl (6.2 g L−1) (Bayer CropScience Canada) plus

Stress Shield (Imidacloprid (600 g L−1) (Bayer CropScience

Canada). Plots were direct-seeded at a rate of 450 seeds m−2

using a commercial zero tillage air drill (Model CP 129A,

ConservaPak) equipped with an air delivery system (Valmar

Airflo Inc.) and knife openers spaced 23 cm apart, or a com-

parably configured plot seeder. All WW and HRSW plots

received phosphorus (NH4H2PO4; 11-52-0) and potassium

(KCl; 0-0-60) fertilizers in the fall before planting, based on

soil test results (Western Ag Labs PRS soil test system). Nitro-

gen fertilizer (1:1 blend of urea and environmentally smart

N; H2NCONH2; 45-0-0) was banded at the time of plant-

ing according to soil test recommendations. Fungicides were

applied near the wheat heading based on site conditions and

disease presence.

2.3 Data collection

For the two wheat phases, we collected post-emergent plant

counts for both WW and HRSW, spring plant counts for WW,

early- and late-season vigor, head density, as well as key agro-

nomic indicators such as Normalized Difference Vegetation

Index (NDVI), leaf area index (LAI) and chlorophyll index

(Chl), grain yield (Mg ha−1; at 13.5% moisture basis), 1000-

kernel weight (g) test weight (kg hL−1), and whole grain

protein concentration (g kg−1).

Post-emergent plant counts were conducted at the two to

three leaf stages to determine the number of viable plants.

This involved staking and counting 1-m segments within

the plot, specifically from the second, third, second-to-last,

and third-to-last rows. Plant density (plants m−2) was cal-

culated by dividing the total count of viable plants by the
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product of row spacing and the number of rows counted. In

the spring, the WW plants in the second and the second-to-last

two rows were destructively sampled and counted. Head den-

sity (heads m−2) was assessed by evaluating heads from the

staked third and third-to-last rows at physiological maturity.

The number of heads per plant was determined by dividing

the total head count by the number of plants in each desig-

nated area. Early-season vigor was evaluated at the Feekes

(Large, 1954) 6 growth stage, while late-season vigor was

assessed at Feekes 8. Vigor was rated on a scale of “1”–“5”

with “1” representing poor vigor with light color and “5”

representing vigorous growth with bright green color. The

parameters NDVI, LAI, and Chl index were determined from

the Feekes 4 to Feekes 11 growth stages using a LP-80 Accu-

PAR LAI Ceptometer (METER Group, Inc.), GreenSeeker

optical sensor (NTech Industries Incorporation), and a Field-

Scout CM1000 chlorophyll meter (Spectrum Technologies,

Inc.), respectively, following the procedures described in

Beres et al. (2018a).

Wheat plots were harvested with a plot combine equipped

with a straight-cut header, pickup reel, and crop lifters.

Grain yield was calculated and corrected to 13.5% mois-

ture. A 2 kg subsample was retained to measure 1000-kernel

weight and test weight. Whole grain protein concentration

was determined from the same subsample using near-infrared

reflectance spectroscopy technology (Foss Decater Grain-

Spec, Foss Food Technology Inc.). Drought stress (drought

monitor: Dm) data were derived from https://open.canada.ca/

data/en/dataset/292646cd-619f-4200-afb1-8b2c52f984a2.

The drought stress data are produced monthly by the Cana-

dian Drought Monitor. It is developed from NDVI, streamflow

values, Palmer Drought Index, and other drought indicators.

Data are classified as no drought (0), abnormally dry (1), mod-

erate drought (2), severe drought (3), extreme drought (4), and

exceptional drought (5).

2.4 Statistical analyses

A Univariate mixed model analysis was performed for all

yield and quality variables using the MIXED and GLIMMIX

procedures of SAS 15.3 (Littell et al., 2006; SAS Institute,

2023). A preliminary analysis with PROC MIXED was con-

ducted with heterogeneous residual variances modeled to

estimate starting covariance parameter values. These covari-

ance estimates were then passed on to a subsequent PROC

GLIMMIX analysis using the PARMS statement (SAS Insti-

tute, 2023). Residual heterogeneity was addressed using the

REPEATED statement in PROC MIXED and the RANDOM

statement in PROC GLIMMIX. A Gaussian error distribution

was specified for the PROC GLIMMIX analyses.

Early- and late-season vigor was treated as a multinomial

ordinal variable with ratings ranging from 2 to 5 and was

analyzed using PROC GLIMMIX of SAS 15.3 (Anonymous,

2019; SAS Institute, 2023). Default estimation methods were

used with a multinomial error distribution and a cumulative

logit link function. PROC GLIMMIX output was passed on

to PROC PLM (SAS Institute, 2023) to calculate cumula-

tive probabilities for each level of crop rotation and rotational

crop. These cumulative probabilities were used to estimate

the probability of each vigor level (2, 3, 4, and 5) occur-

ring for different crop rotation and rotational crop levels. The

number of observations for each vigor level, phase, crop rota-

tion, and rotational crop combination was summarized, along

with the associated probabilities, to aid in interpreting the

results.

The in-season growth responses, NDVI, LAI, and Chl

index, were collected on different dates during the growing

season due to uneven data collection across dates and vari-

ability in growth stages among sites. Therefore, data were

averaged for each site, phase, crop rotation, rotational crop,

and replicate combination to facilitate data analysis. In-season

growth responses were analyzed with PROC GLIMMIX of

SAS 15.3 (SAS Institute, 2023) using a Gaussian error dis-

tribution. This analysis did not incorporate heterogeneous

residual variances because it yielded unstable results.

All analyses were conducted separately for each wheat

phase. For yield, quality, and vigor data, replicate and site

effects (combinations of location and year) were treated as

random, while rotational crop, crop rotation effects, and their

interactions were considered fixed. For in-season growth

data, replicate was treated as a random effect, and site,

crop rotation, and rotational crop were fixed effects. Effects

were considered significant if the associated p-value was

≤0.05. Least significant difference (LSD0.05) values were

reported with least-squares means to indicate the preci-

sion of mean differences for analyses using Gaussian error

distribution.

A mean-coefficient of variation (CV) biplot methodology,

originally developed by Francis and Kannenberg (1978), was

used to explore treatment responses and variability for yield

and protein concentration. Seed yield and protein concentra-

tion were analyzed separately for each wheat phase using an

environmental variance mixed model as described by Piepho

(1999). This analysis was conducted using the MIXED and

GLIMMIX procedures in SAS 15.3 (SAS Institute, 2023),

with model specifications similar to those for analyses of most

variables (first paragraph in the Statistical Methods section)

with exceptions. The random statements for PROC MIXED

and GLIMMIX were replaced with the following statements

for the environmental variance model:

RANDOM intercept∕subject = replicate (site) ;

RANDOMcrop rotation × rotational crop∕subject

= site type = fa (1) ;

https://open.canada.ca/data/en/dataset/292646cd-619f-4200-afb1-8b2c52f984a2
https://open.canada.ca/data/en/dataset/292646cd-619f-4200-afb1-8b2c52f984a2
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The least-squares means were calculated for combinations

of rotational crop and crop rotation. A CV for each treatment

combination was derived from covariance estimates generated

from the second random statement. The means were plotted

against CV to generate the biplot. The biplot data were sub-

sequently categorized into four groups. Group I comprised

treatments with high mean grain yield and high stability,

Group II included treatments with high mean grain yield and

low stability, Group III consisted of treatments with low mean

grain yield and low stability, and Group IV encompassed

treatments with low mean grain yield and high stability.

Additionally, an analysis of variance was performed by

site and replicate as a random effect and crop rotation and

rotational crop as fixed effects. Statistical power was calcu-

lated for the main effects and interaction effect according to

methods described by Stroup (2012). The results from this

analysis were used to investigate sources of site-by-treatment

variability (Table 1).

Multivariate partial least squares (PLS) regression com-

bined with additive main effects and multiplicative interaction

(AMMI) methods was employed to analyze treatment-by-

environment interactions for crop yield in relation to weather-

related variables (Crossa et al., 2015). The results of this

analysis were summarized in a biplot. The factorial com-

binations of rotational crop and crop rotation effects were

consolidated into a single treatment. Treatment least-squares

means were estimated separately for each environment (loca-

tion × year) and saved for further analysis using PROC

MIXED of SAS 15.3 (SAS Institute, 2023), with replicates

as a random effect and treatments as a fixed effect. The

least-squares means were then analyzed with a PROC GLM

(SAS Institute, 2023) model including environment and treat-

ment main effects to estimate a matrix of residuals for each

environment by treatment combination.

Environmental data were compiled from precipitation

(including irrigation) and growing degree days (GDD; cal-

culated with a base temperature of 0˚C) from May 1 to

September 30, along with mean temperature and Dm data

provided in Table 1. The residual matrix from PROC GLM

and the environmental dataset were standardized to a mean

of 0 and a standard deviation of 1 using PROC STANDARD

(SAS Institute, 2023). The two standardized datasets were

then merged and analyzed using PROC PLS (SAS Institute,

2023). For this analysis, the residual matrix data served as

responses, and environmental data were treated as explana-

tory variables. Scores, x-loading, and y-loading estimates

for the first two latent variables (dimensions) were extracted

and formatted for plotting. PROC IML (SAS Institute, 2023)

was used to prepare and format PLS scores. Scores for each

environment (location × year) and treatment y-loading val-

ues were plotted as points, while weather variable x-loading

estimates were represented as vectors emanating from the

origin.

3 RESULTS AND DISCUSSION

3.1 Wheat grain yield response to
rotational crop and crop rotation

The statistical power analysis revealed a high probability of

detecting significant yield responses at the 5% level for rota-

tional crops in several cases: at Lethbridge 2019 for the first

wheat phase, at Lethbridge 2020 for both first and second

wheat phases, and at Indian Head 2020 for the second wheat

phase (Table 1). Additionally, there was a greater likelihood of

detecting significant crop rotation effects at Lethbridge 2020

for both the first and second wheat phases, at Brandon 2020

for the first wheat phase, and at Brandon 2021 for the first

wheat phase. However, the analysis indicated a low proba-

bility of detecting significant rotational crop by crop rotation

effects across all site-years.

Differences among rotational crops were observed in grain

yield and 1000-kernel weight, but not in plant density, head

density, or heads per plant in the first wheat phase (Table 2).

However, plant density was influenced by crop rotation. In

the second wheat phase, rotational crops did not affect any

yield variables (Table 3), though crop rotation did impact

grain yield and 1000-kernel weight. In research conducted

in the Canadian Prairies, Mooleki et al. (1998) noted that

when nitrogen availability has minimal impact on grain yield

in a rotation system, water redistribution becomes a more

dominant factor, and WW relies on early spring moisture

in dry climates. According to Domitruk et al. (2000), the

rapid growth of WW under cool temperatures in April and

early May depleted much of the available water in the top

50 cm of the soil profile in the Canadian Prairies. The lack

of grain yield response to crop rotation in the first wheat

phase indicates that WW yielded similarly to HRSW (Table 2;

p = 0.214). This result suggests that early-season soil mois-

ture, vital for WW yield potential, was likely limited or absent

in many environments during the experimental period.

Research conducted in the Canadian Prairies revealed that

diverse crop rotations can improve soil health by enhancing

soil microbial communities and carbon concentration, which

are linked to better soil fertility (Beres et al., 2018a; Lupwayi

et al., 1998). The improved soil organic carbon and nitro-

gen contents, in turn, resulted in more plant-available mineral

nitrogen and consequently more vigorous crop growth for

wheat (Agenbag, 2012). Effects of rotational crops on yields

of the subsequent wheat phases vary in this study. In the first

wheat phase, leguminous crop stubbles significantly boosted

grain yields for both WW and HRSW, with soybean and lentil

stubbles producing higher yields compared to other rotational

crops.

Previous research has noted that incorporating leguminous

crops into rotation systems enhances agricultural sustainabil-

ity in semiarid NGP regions by increasing soil nitrogen levels
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T A B L E 2 Analysis of variance for the first wheat phase collected at environments across the Canadian Prairies from 2019 to 2022.

Yield
1000-kernel
weight Plant density

Head
density

Head per
plant

Protein
concentration Test weight

p-values

RC <0.001*** 0.002** 0.244 0.387 0.231 0.814 0.13

CR 0.214 0.075 0.011** 0.881 0.861 0.000*** 0.091

RC × CR 0.413 0.336 0.167 0.748 0.416 0.167 0.567

Covariance

Site 93.30% 88.90% 89.30% 80.50% 56.90% 62.90% 91.80%

Site × RC 1.30% 1.10% 9.00% 5.00% 12.70% 8.10% 1.90%

Site × CR 5.00% 9.00% 0.00% 10.20% 25.90% 24.30% 5.70%

Site × RC × CR 0.30% 1.10% 1.70% 4.30% 4.50% 4.80% 0.50%

p-values

Site <0.001*** <0.001*** <0.001*** <0.001*** <0.001*** <0.001*** <0.001***

Site × RC <0.001*** <0.001*** <0.001*** <0.001*** <0.001*** <0.001*** <0.001***

Site × CR <0.001*** <0.001*** 1 <0.001*** <0.001*** <0.001*** <0.001***

Site × RC × CR <0.001*** <0.001*** 0.009** <0.001*** <0.001*** <0.001*** <0.001***

Abbreviations: CR, crop rotation; RC, rotational crop.

** and *** denote significant effects at p ≤ 0.01 and p ≤ 0.001, respectively.

T A B L E 3 Analysis of variance for the second wheat phase collected at environments across the Canadian Prairies from 2019 to 2022.

Yield
1000-kernel
weight

Plant
density Head density

Head per
plant

Protein
concentration Test weight

p-values

RC 0.583 0.123 0.313 0.374 0.129 0.239 0.808

CR 0.002** 0.006** 0.067 0.537 0.178 <0.001*** 0.553

RC × CR 0.47 0.904 0.091 0.517 0.107 0.928 0.323

Covariance

Site 95.40% 84.10% 98.00% 68.80% 70.20% 68.80% 92.30%

Site × RC 1.50% 0.60% 0.10% 0.80% 0.70% 2.10% 0.70%

Site × CR 2.80% 14.70% 0.50% 27.10% 27.50% 22.00% 6.50%

Site × RC × CR 0.20% 0.70% 1.40% 3.20% 1.60% 7.20% 0.40%

p-values

Site <0.0001*** <0.0001*** <0.0001*** <0.0001*** <0.0001*** <0.0001*** <0.0001***

Site × RC <0.0001*** <0.0001*** 0.809 0.134 0.104 0.042* <0.0001***

Site × CR <0.0001*** <0.0001*** 0.149 <0.0001*** <0.0001*** <0.0001*** <0.0001***

Site × RC × CR <0.0001*** <0.0001*** 0.001** <0.0001*** 0.005** <0.0001*** <0.0001***

Abbreviations: CR, crop rotation; RC, rotational crop.

** and *** denote significant effects at p ≤ 0.01 and 0.001, respectively.

(Entz et al., 2002; Lupwayi & Soon, 2016; Zentner et al.,

2001) (Tables 2 and 4). Specifically, WW grown after oats and

HRSW grown after flax had lower grain yields compared to

those preceded by leguminous crops (Table 4). Notably, WW

yields were particularly responsive when grown on soybean

and lentil stubbles in the first wheat phase and on soybean,

lentil, and field peas in the second wheat phase. Our results

also suggest that soybean and lentil have potential in sequence

with WW, and the positive response following field peas in the

second wheat phase confirms our previous research that these

stubbles provide a comparable alternative to canola without

the risk of jeopardizing grain yields (Irvine et al., 2013).

Utilizing alternative crop stubble types may address the chal-

lenge of timely planting of WW in late-maturing canola fields.

The rate of N2 fixation varies considerably, depending on the

type of legume cultivar (Beck, 1992), soil temperature, and
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T A B L E 4 The influence of rotational crops on two successive wheat plantings across the Canadian Prairies from 2019 to 2022.

Rotational crop
Crop rotation Soybean Lentil Field peas Faba bean Canola Flax Oats LSD0.05

Yield (Mg ha−1) First phase HRSW-WW 3.94a 3.91ab 3.75abcd 3.81abc 3.64bcd 3.53d 3.60cd 0.28

WW-HRSW 4.26a 4.27a 4.04ab 4.08ab 3.84bc 3.89bc 3.65c 0.28

WW-WW 4.36a 4.26ab 4.07bcd 4.12sbc 3.88cd 4.04bcd 3.80d 0.28

Second

phase

HRSW-WW 3.29 3.37 3.38 3.30 3.33 3.20 3.17 ns

WW-HRSW 2.80 2.96 2.88 2.85 2.92 2.81 2.76 ns

WW-WW 3.41 3.44 3.31 3.38 3.41 3.39 3.20 ns

1000-kernel

weight (g)

First phase HRSW-WW 33.0ab 33.1a 32.9ab 32.7abc 32.1bc 32.1bc 32.0c 0.9

WW-HRSW 35.0a 34.2abc 33.7bc 34.4ab 33.6bc 34.2abc 33.4c 0.9

WW-WW 35.4a 34.5b 34.0b 34.3b 33.6b 34.1b 33.8b 0.9

Second

phase

HRSW-WW 30.9 31.2 31.2 31.0 31.4 31.5 31.1 ns

WW-HRSW 26.9 27.6 27.7 27.3 28.2 27.5 27.2 ns

WW-WW 30.2 30.6 30.7 30.0 30.8 30.7 30.4 ns

Plant density

(plant m−2)

First phase HRSW-WW 410 383 202 255 217 296 281 ns

WW-HRSW 215 253 242 217 264 247 241 ns

WW-WW 222 231 232 207 256 250 231 ns

Second

phase

HRSW-WW 269 257 281 279 266 269 252 ns

WW-HRSW 251 319 NA NA NA 136 NA ns

WW-WW 288 290 285 272 284 276 287 ns

Head density

(head m−2)

First phase HRSW-WW 313 329 330 322 320 314 299 ns

WW-HRSW 323 326 332 298 323 330 300 ns

WW-WW 323 330 325 318 335 329 315 ns

Second

phase

HRSW-WW 384 360 385 371 370 368 358 ns

WW-HRSW 338 354 347 330 353 356 335 ns

WW-WW 360 361 386 375 375 363 358 ns

Head per plant First phase HRSW-WW 1.9 1.7 1.8 1.8 1.8 1.7 1.6 ns

WW-HRSW 2.3a 1.8bcd 1.7cd 1.8bcd 1.9bc 2.2ab 1.5d 0.4

WW-WW 2.2 1.8 1.6 1.9 1.9 1.9 1.6 ns

Second

phase

HRSW-WW 1.8 1.7 1.9 1.8 1.8 1.8 1.9 ns

WW-HRSW 2.1bc 2.1bc 2.1bc 2.0c 2.1bc 2.2ab 2.3a 0.2

WW-WW 1.8 1.7 1.9 1.8 1.8 1.8 1.8 ns

Protein (g kg−1) First phase HRSW-WW 148.4 146.9 146.4 146.9 141.8 145.5 144.7 ns

WW-HRSW 126.5 128.5 129.8 128.5 128.7 126.7 128.2 ns

WW-WW 127.1 129.5 129.8 128.9 127.5 128.5 128.3 ns

Second

phase

HRSW-WW 128.4 128.9 126.2 127.6 125.5 127.0 128.7 ns

WW-HRSW 153.5 153.8 155.2 154.5 153.2 152.8 157.3 ns

WW-WW 127.9 129.2 129.4 130.7 125.7 128.2 130.3 ns

(Continues)
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T A B L E 4 (Continued)

Rotational crop
Crop rotation Soybean Lentil Field peas Faba bean Canola Flax Oats LSD0.05

Test weight (kg

hL−1)

First phase HRSW-WW 78.9 78.6 78.6 78.7 78.4 78.4 77.9 ns

WW-HRSW 77.8 77.5 77.4 77.5 77.1 77.7 77.0 ns

WW-WW 78.0 77.7 77.5 77.6 77.3 77.9 77.2 ns

Second

phase

HRSW-WW 74.8 74.7 74.9 74.9 75.1 75.1 75.1 ns

WW-HRSW 74.2 74.7 74.2 74.7 74.6 74.2 74.0 ns

WW-WW 73.9 74.3 74.1 74.0 74.5 74.6 74.0 ns

Note: The crops in the first wheat phase are HRSW in the HRSW-WW, WW in the WW-HRSW and the first WW in the WW–WW systems, which are grown immediately

after the preceding crops. The crops in the second wheat phase are WW in the HRSW-WW, HRSW in the WW-HRSW and the second WW in the WW-WW, which are

grown in the second year after the rotational crops.

Abbreviations: HRSW, hard red spring wheat; ns, not significant; WW, winter wheat. Means followed by the same letter are not significantly different (p < 0.05).

moisture, as well as soil NO3 level (Herridge et al., 1995).

That is the reason why not all the leguminous crops dis-

played consistent influence on the subsequent wheat phases.

In the second wheat phase, the average grain yield decreased

by 18%, 17%, and 24% for WW in the HRSW–WW and

WW–WW systems, and HRSW in the WW–HRSW system,

respectively, compared to the first wheat phase (data not

shown). Additionally, a significant yield drag was observed in

HRSW compared to WW in the second wheat phase (Table 4),

indicating that monoculture cereal rotations have a more detri-

mental effect on HRSW than on WW. In other words, WW

can still achieve a decent grain yield in the second year

following rotational crops. The highest persistence of yield

benefits in the second wheat phase occurred after canola in

the WW–WW system, with only a 12% reduction in yield.

Reductions with other rotational crops ranged from 13% to

29%. Similarly, the 1000-kernel weight notably decreased in

the second wheat phase compared to the first wheat phase,

particularly for HRSW, regardless of the rotational crops. In

Eastern Europe, Seibutis and Deveikyte (2008) also observed

the lowest 1000-kernel weight in the second-year wheat of a

field peas-wheat-wheat system, consistent with our findings.

The biplot in Figure 1 illustrates that soybean and lentil

stubbles consistently achieved superior and stable yields for

WW in the first wheat phase, while oats stubble resulted in

lower and more variable yields. Soybean and lentil, as well as

faba bean stubbles, also benefited HRSW, providing high and

consistent yields. In contrast, oats and flax stubbles produced

below-average and more variable yields for HRSW in the

HRSW–WW system. In the second wheat phase, the benefits

of soybean stubble persisted in the WW–WW system, while

field peas and canola stubbles improved both the yield and

stability of WW in the HRSW–WW system (Figure 2). Lentil

and field pea stubbles in the WW–WW system, and lentil

and soybean stubbles in the HRSW–WW system produced

yields higher than average, though with increased variability.

F I G U R E 1 Biplots summarizing mean versus coefficient of

variation (CV) for the wheat in the first wheat phase for grain yield data

collected at environments across Canadian Prairies from 2019 to 2022.

Error bar represents LSD0.05 for rotational crop by rotation interaction.

Group I: High mean, high stability; Group II: High mean, low stability;

Group III: Low mean, low stability; Group IV: Low mean, high

stability. The red, green, and blue horizontal lines represent the average

grain yield of winter wheat (WW), WW, and hard red spring wheat

(HRSW) in the WW–WW, WW–HRSW, and HRSW–WW systems,

respectively. The green, red, and blue vertical lines represent the

average CV of WW, WW, and HRSW in the WW–HRSW, WW–WW,

and HRSW–WW systems, respectively.

For HRSW in the second wheat phase, lentil, field peas, and

canola stubbles resulted in high and stable yields. Notably,

canola stubbles maintained high and stable yields for both

WW and HRSW in the second wheat phase, across the WW–

WW, HRSW–WW, and WW–HRSW systems. Our results
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F I G U R E 2 Biplots summarizing mean versus coefficient of

variation (CV) for the wheat in the second wheat phase for grain yield

data collected at environments across Canadian Prairies from 2019 to

2022. Error bar represents LSD0.05 for rotational crop by rotation

interaction. Group I: High mean, high stability; Group II: High mean,

low stability; Group III: Low mean, low stability; Group IV: Low mean,

high stability. The red, blue, and green horizontal lines represent the

average grain yield of winter wheat (WW), WW, and hard red spring

wheat (HRSW) in the WW–WW, HRSW–WW, and WW–HRSW

systems, respectively. The blue, red, and green vertical lines represent

the average CV of WW, WW, and HRSW in the HRSW–WW,

WW–WW, and WW–HRSW systems, respectively.

suggest that soybean and lentil stubbles benefit WW produc-

tion not only immediately but also positively impact yields

in the second year following this rotational crop. Although

canola is often considered the gold standard for WW in NGP

due to its snow-trapping potential (Irvine et al., 2013), our

research indicates that viable alternative cropping options

exist. Research across multiple countries has shown that the

soil following an annual crop legume often contains 30–60 kg

N ha−1 more than after a cereal crop and this increased plant-

available nitrogen is converted into increased cereal grain

yield (Herridge et al., 1995). In addition to nitrogen enrich-

ment, leguminous plants may benefit cereals in crop rotations

by improving soil physical properties, reducing soil erosion,

and suppressing weeds, insects, and diseases (Sarobol &

Anderson, 1992). Moreover, legumes play a crucial role as

a global source of high-quality food and feed, and they also

help mitigate greenhouse gas emissions, releasing five to

seven times less greenhouse gas per unit area compared to

other crops worldwide (Stagnari et al., 2017). Canola stubble

did not provide this advantage when WW followed immedi-

ately. However, in the second wheat phase, canola stubble

contributed to higher and more stable yields for both WW

and HRSW relative to other rotational crops. We previously

observed a yield drag in the cereal phase of a canola-cereal-

field peas rotation and attributed it to potential benefits for

cereals when following a non-host of arbuscular mycorrhizal

fungi (Beres et al., 2018b). The increased effectiveness of

canola and the reduced impact of leguminous crops might

explain the lack of significant differences in wheat grain yield

among the rotational crops in the second wheat phase. The

effect of canola on the succeeding crop in this study differs

from Angus et al. (2015), who found that oilseeds had a rel-

atively smaller effect on the second wheat crop compared to

oats or grain legumes in Australia.

A PLS-AMMI biplot indicated that Indian Head 2019,

Brandon 2020, and Lethbridge 2021 were characterized by

high air temperatures, wettest and least stressful, and drought

stress conditions, respectively (Figures 3 and 4). WW was

responsive to field peas, lentil, soybean, and canola stubbles

during the first wheat phase. Notably, WW yield on field peas

stubble at Brandon 2020 was higher than on other rotational

crops due to less stressful conditions at that site-year. No sig-

nificant response of HRSW to rotational crops was observed,

except for oats and faba bean, which showed greater HRSW

yields at Lethbridge 2021 under drought conditions during the

first wheat phase. In addition, HRSW yield on oat stubble was

among the lowest at Brandon 2020.

During the second wheat phase, the combination of oats

stubble with higher GDD led to higher WW yields at Brandon

2021 and Lethbridge 2022 in the HRSW–WW system, while

flax stubble with increased precipitation contributed to higher

WW yields at Brandon 2022 in the same system (Figure 4).

Conversely, canola stubble resulted in among the lowest WW

yields at Lethbridge 2021. In the WW–WW system, all rota-

tional crop stubbles performed similarly for the second WW,

except for canola and soybean, which resulted in lower WW

yields at Lethbridge 2021 under drought conditions. Faba

bean and soybean stubbles produced higher HRSW yields

under drought conditions at Lethbridge 2021, while high

air temperatures led to increased HRSW yield from field

peas stubble at Indian Head 2019 within the WW–HRSW

system.

3.2 Wheat grain quality response to
rotational crop and crop rotation

No differences in protein concentration or test weight were

observed among rotational crops; however, protein concen-

tration was influenced by crop rotation in the first wheat

phase (Table 2). In the second wheat phase, rotational crops

did not affect quality variables, while crop rotation con-

tinued to affect protein concentration (Table 3). Protein

concentration was similar for WW in cereal rotational sys-

tems whether grown immediately or in the second year after
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F I G U R E 3 Partial least squares (PLS) and additive main effects and multiplicative interaction (AMMI) biplots for the first wheat grain yield of

seven rotational crops, three crop rotations, and 12 site-years. Le, Sa, In, and Br represent Lethbridge, Saskatoon, Indian Head, and Brandon,

respectively. Numbers 19, 20, 21, and 22 are growing seasons 2018–2019, 2019–2020, 2020–2021, and 2021–2022 for winter wheat, and 2019,

2020, 2021, and 2022 for spring wheat, respectively. Dm, gdd, precip, and airt denote drought stress, growing degree days, precipitation, and air

temperature, respectively.

preceding crops, except that canola stubble produced lower

protein concentration compared to faba bean stubble in the

second year (Table 4). Similar to grain yield, WW protein

concentration was particularly responsive when grown on

field peas stubble. Canola stubble consistently resulted in the

lowest WW protein concentration in both the first and sec-

ond wheat phases. Arshad et al. (2002) reported that wheat

immediately following canola in the Canadian Prairies had

significantly lower protein content compared to the second

wheat in a canola–wheat–wheat system, as well as the first

and second wheat in field peas–wheat–wheat and fallow–

wheat–wheat systems. Contrary to the grain yield responses,

protein concentration of HRSW increased in the second wheat

phase compared to the first, reflecting an inverse relation-

ship between grain yield and protein concentration (Fast et al.,

2023). Test weight was higher in the first wheat phase than in

the second for both WW and HRSW. In the first wheat phase,

test weight was lowest with oats, which is significantly lower

than soybean and faba bean.

The biplot in Figure 5 indicate soybean and faba bean stub-

bles achieved superior and consistent protein concentrations

for HRSW in the HRSW–WW system, lentil and faba bean

stubbles for WW in the WW–HRSW system, and field peas,

faba bean, and lentil stubbles for WW in the WW–WW system

during the first wheat phase. In contrast, canola stubbles con-

sistently resulted in highly variable protein concentrations for

both WW and HRSW in the first wheat phase. Field peas stub-

ble also produced variable protein concentrations for HRSW

in the HRSW–WW system and WW in the WW–HRSW

system.

In the second wheat phase, soybean, faba bean, and field

peas stubbles, as well as field peas and oats stubbles, yielded
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F I G U R E 4 Partial least squares (PLS) and additive main effects and multiplicative interaction (AMMI) biplots for the second wheat grain

yield of seven rotational crops, three crop rotations, and 15 site-years. Le, Sa, In, and Br represent Lethbridge, Saskatoon, Indian Head, and Brandon,

respectively. Numbers 19, 20, 21, and 22 are growing seasons 2018–2019, 2019–2020, 2020–2021, and 2021–2022 for winter wheat, and 2019,

2020, 2021, and 2022 for spring wheat, respectively. Dm, gdd, precip, and airt denote drought stress, growing degree days, precipitation, and air

temperature, respectively.

high and stable protein concentrations for WW and HRSW,

respectively (Figure 6). Conversely, canola stubble, along

with lentil, flax, and soybean stubbles, resulted in low and

variable protein concentrations for WW and HRSW, respec-

tively. Faba bean and oats stubbles produced high protein

concentrations but with high variability for the second-year

WW in the WW–WW system. Our results suggest that soy-

bean and faba bean stubbles in the HRSW–WW system and

field peas in the WW–WW system not only benefit wheat

protein levels immediately but also positively impact pro-

tein concentrations in the second year following these crops.

Previous research in both Western and Eastern Canada has

shown a strong correlation between wheat protein concen-

tration and soil nitrogen levels (Fast et al., 2023; Fowler,

2003; Subedi et al., 2007). The low and unstable protein

concentrations associated with canola stubble may be due to

canola’s higher nitrogen uptake, which leaves less available

nitrogen for the succeeding wheat phase (Kirkegaard et al.,

1997). In contrast, leguminous crops can fix nitrogen and sup-

ply it to subsequent crops (Khakbazan et al., 2014), thereby

enhancing protein accumulation in the following wheat

phases.

3.3 Interaction of environment and wheat
yield and quality

For covariance estimates, site and site-by-treatment interac-

tions were often statistically significant, with a few excep-

tions (Tables 2 and 3). Site covariance estimates for grain

yield, 1000-kernel weight, plant density, head density, and

test weight were greater (>80%) compared to other wheat
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F I G U R E 5 Biplots summarizing mean versus coefficient of

variation (CV) for the wheat in the first wheat phase for protein

concentration data collected at environments across Canadian Prairies

from 2019 to 2022. Error bar represents LSD0.05 for rotational crop by

rotation interaction. Group I: High mean, high stability; Group II: High

mean, low stability; Group III: Low mean, low stability; Group IV: Low

mean, high stability. The blue, green, and red horizontal lines represent

the average grain yield of hard red spring wheat (HRSW), winter wheat

(WW), and WW in the HRSW–WW, WW–HRSW, and WW–WW

systems, respectively. The blue, red, and green vertical lines represent

the average CV of HRSW, WW, and WW in the HRSW–WW,

WW–WW, and WW–HRSW systems, respectively.

responses in the first wheat phase (Table 2). Higher site

covariance estimates were observed for grain yield, 1000-

kernel weight, plant density, and test weight compared to head

density, protein concentration, and test weight in the second

wheat phase (Table 3). In both the first and second wheat

phases, the percentage of covariance accounted for by the site

represented the majority of variation in all wheat responses,

suggesting that these variables are highly dependent on the

environment. Our research supports Angus et al. (2015), who

reported that the persistence of rotational crop effects likely

depends on seasonal conditions, being greatest in dry environ-

ments and more variable in moist and semi-arid environments

in Australia. Variation associated with site-by-crop rotation

interactions explained >20% of the covariance due to random

effects for head per plant and protein concentration in the first

wheat phase, and for head density, head per plant, and pro-

tein concentration in the second wheat phase (Tables 2 and 3).

This suggests that when environmental conditions limit head

development and protein potential, crop rotation can optimize

wheat protein accumulation, which aligns with the fixed effect

of rotation.

F I G U R E 6 Biplots summarizing mean versus coefficient of

variation (CV) for the wheat in the second wheat phase for protein

concentration data collected at environments across Canadian Prairies

from 2019 to 2022. Error bar represents LSD0.05 for rotational crop by

rotation interaction. Group I: High mean, high stability; Group II: High

mean, low stability; Group III: Low mean, low stability; Group IV: Low

mean, high stability. The red, blue, and green horizontal lines represent

the average grain yield of winter wheat (WW), WW, and hard red

spring wheat (HRSW) in the WW–WW, HRSW–WW, and

WW–HRSW systems, respectively. The green, red, and blue vertical

lines represent the average CV of HRSW, WW, and WW in the

WW–HRSW, WW–WW, and HRSW–WW systems, respectively.

3.4 In-season growth response to rotational
crop and crop rotation

The analysis of in-season growth responses, NDVI, LAI, and

Chl index revealed that LAI and Chl index in the first wheat

phase and LAI in the second wheat phase varied among the

rotational crops (Table 5). Crop rotation affected all three in-

season growth responses in the first wheat phase, as well as

NDVI and Chl index in the second wheat phase. The signif-

icant site, site by rotational crop, and site by crop rotation

effects were observed for all the in-season growth responses,

except for a site-by-rotational crop effect on NDVI in the sec-

ond wheat phase. This suggests that, beyond the effects of

rotational crop and crop sequencing, the growing environment

plays a crucial role in wheat performance.

Mean estimates showed that lentil stubble resulted in the

highest NDVI in the first wheat phase compared to other rota-

tional crops (Table 5). In the second wheat phase, soybean,

lentil, faba bean, and canola produced higher NDVI than field

peas, flax, and oats. Lentil also had the highest LAI values

of the first wheat phase, while flax had the lowest, with other

rotational crops falling in between. In the second wheat phase,

lentil and soybean provided higher LAI than other rotational
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T A B L E 5 Analysis of variance and means for in-season wheat growth as influenced by rotational crops and crop rotation across the Canadian

Prairies from 2019 to 2022.

First wheat phase Second wheat phase
NDVI LAI Chl index NDVI LAI Chl index
p-values

RC 0.086 0.014** 0.025* 0.644 <0.001*** 0.283

CR <0.001*** <0.001*** 0.026* <0.001*** 0.410 <0.001***

RC × CR 0.499 0.387 0.836 0.391 0.896 0.983

Site <0.001*** <0.001*** 0.004** <0.001*** <0.001*** <0.001***

Site × RC <0.001*** <0.001*** <0.001*** 0.850 0.008** 0.004**

Site × CR <0.001*** <0.001*** <0.001*** <0.001*** <0.001*** <0.001***

Site × RC × CR 0.625 0.363 0.728 0.563 0.927 0.996

Means

RC

Soybean 0.51 1.27bc 395.8ab 0.56 1.58ab 381.3

Lentil 0.53 1.38a 416.5a 0.56 1.60a 387.1

Field peas 0.51 1.33ab 401.3ab 0.55 1.48bcd 367.9

Faba bean 0.51 1.26bc 407.9ab 0.56 1.53abc 387.4

Canola 0.51 1.23bc 384.0b 0.56 1.42d 355.3

Flax 0.51 1.22c 418.6a 0.55 1.47cd 372.3

Oats 0.51 1.24bc 385.1b 0.55 1.40d 375.7

CR

HRSW-WW 0.53a 1.36a 411.4a 0.53c 1.48 326.6c

WW-HRSW 0.50b 1.22b 389.2c 0.59a 1.49 439.9a

WW-WW 0.51b 1.25b 403.4bc 0.55b 1.53 359.3b

Abbreviations: Chl, chlorophyll; CR, crop rotation; HRSW, hard red spring wheat; LAI, leaf area index; NDVI, Normalized Difference Vegetation Index; RC, rotational

crop; WW, winter wheat.

*, **, and *** denote significant effects at p ≤ 0.05, p ≤ 0.01, and p ≤ 0.001, respectively. Means followed by the same letter are not significantly different (p < 0.05).

crops. The Chl index was highest with lentil and flax in the

first wheat phase, lowest with canola and oats, and intermedi-

ate with other rotational crops. Lentil, soybean, and faba bean

had higher Chl indexes in the second wheat phase compared

to other rotational crops.

Seedling vigor in the wheat phases ranged from 2 to 5

(Table 6). The vigor of both the first and second wheat

phases on leguminous stubbles had a great proportion of high

late-season (Feekes 8) vigor values, 4 and 5, compared to non-

leguminous stubbles, which aligns with the trends observed

in NDVI, LAI, and the Chl index. At Feekes 8, WW was

more vigorous than HRSW in both the first and second wheat

phases too, explaining the higher grain yield in WW compared

to HRSW.

Overall, leguminous stubbles, especially lentil, resulted

in superior in-season growth compared to canola, flax, and

oats. Previous research in the Canadian Prairies indicates that

leguminous crops fix nitrogen and enhance mineral nitrogen

availability (Khakbazan et al., 2014). Studies in Europe also

show a strong correlation between wheat NDVI, LAI, and

Chl index at late growth stages and grain yield (Morgounov

et al., 2014; Petcu et al., 2003). The higher yields observed

in wheat phases following leguminous stubbles are attributed

to the improved in-season growth these crops facilitate. These

findings align with Agenbag (2012) and Peoples et al. (2017),

who reported that leguminous crops enhance plant-available

nitrogen and promote more vigorous wheat growth in South

Africa and Australia.

In the first wheat phase, HRSW exhibited higher NDVI,

LAI, and Chl index than WW. However, WW showed

improved NDVI, LAI, and Chl index relative to HRSW in the

second wheat phase, particularly the WW following HRSW.

This explains the observed yield drag in HRSW compared to

WW in the second wheat phase.

4 CONCLUSIONS

This study investigated the impact of different rotational

crops on subsequent WW and HRSW crops in WW–WW,

HRSW–WW, and WW–HRSW systems. While canola is

often considered as the optimal rotational crop for WW due to

its snow-trapping ability, our results highlighted several viable

alternatives. Soybean and lentil consistently outperformed
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T A B L E 6 Cumulative probabilities of each vigor level (2, 3, 4, and 5) across different rotational crops and crop rotation across the Canadian

Prairies from 2019 to 2022.

Early-season vigor Late-season vigor
Crop rotation Rotational crop 2 3 4 5 2 3 4 5
First wheat phase Soybean 0.337 0.558 0.097 0.008 0.022 0.455 0.484 0.039

Lentil 0.207 0.607 0.170 0.016 0.009 0.255 0.642 0.095

Field peas 0.193 0.608 0.182 0.017 0.007 0.223 0.659 0.111

Faba Bean 0.319 0.568 0.104 0.009 0.014 0.350 0.575 0.061

Canola 0.200 0.608 0.176 0.016 0.017 0.399 0.534 0.050

Flax 0.113 0.569 0.287 0.032 0.010 0.288 0.621 0.081

Oats 0.171 0.605 0.204 0.020 0.032 0.546 0.396 0.027

Second wheat phase Soybean 0.169 0.455 0.364 0.012 0.025 0.142 0.700 0.132

Lentil 0.175 0.460 0.354 0.011 0.022 0.128 0.702 0.148

Field peas 0.202 0.472 0.316 0.010 0.026 0.147 0.699 0.128

Faba Bean 0.177 0.461 0.351 0.011 0.030 0.164 0.693 0.113

Canola 0.182 0.463 0.344 0.011 0.033 0.178 0.686 0.103

Flax 0.195 0.470 0.326 0.010 0.030 0.165 0.693 0.113

Oats 0.292 0.479 0.223 0.006 0.043 0.218 0.659 0.080

First wheat phase HRSW-WW 0.473 0.465 0.058 0.005 0.074 0.694 0.221 0.011

WW-HRSW 0.137 0.590 0.248 0.026 0.006 0.202 0.667 0.124

WW-WW 0.119 0.575 0.277 0.030 0.005 0.180 0.673 0.141

Second wheat phase HRSW-WW 0.084 0.344 0.546 0.026 0.008 0.050 0.609 0.333

WW-HRSW 0.242 0.481 0.269 0.008 0.204 0.464 0.317 0.015

WW-WW 0.334 0.470 0.191 0.005 0.013 0.083 0.680 0.224

Abbreviations: HRSW, hard red spring wheat; WW, winter wheat.

canola in terms of grain yield and protein concentration for

WW when used as preceding crops. In the second year fol-

lowing lentil and field peas, WW grain yields were similar

to those following canola, but with higher protein concen-

trations. Beyond agronomic advantages, these alternatives

enhance cropping system diversity. The inclusion of legu-

minous crops can improve soil health and fertility, leading

to better wheat performance. This contributes to the overall

sustainability and productivity of the cropping system. Addi-

tionally, rotational crops with biological nitrogen fixation

can reduce the need for synthetic nitrogen fertilizers, thereby

lowering the environmental impact of farming practices.

In terms of crop sequencing, WW yield was greater than

HRSW not only in the first year, but also in the second year

after rotational crops. This suggests that WW may be more

responsive to the benefits of preceding rotational crops, which

could enhance the resilience of diverse cropping systems.

Overall, our observations underscore the potential of alter-

native rotational crops to improve wheat production while

supporting sustainable agricultural practices.
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