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ARTICLE

Nitrogen management strategies on plant growth and
severities of Sclerotinia stem rot of canola in eastern Canada
Fen Gao, Yuanhong Chen, SeaRa Lim, Allen G. Xue, and Bao-Luo Ma

Abstract: Effective nitrogen (N) management strategies are important for ensuring a balance between optimizing
plant growth and minimizing disease damage. A field experiment was conducted for three years to (i) assess the
effects of N fertilizer application on the growth and seed yield of canola and severities of Sclerotinia stem rot
(SSR), and (ii) to determine a reasonable N-rate for optimizing plant growth and minimizing the loss from SSR in
eastern Canada. The experiment was designed with factorial combinations of eight N treatments and two canola
hybrids. All N treatments reduced canola emergence with increasing preplant N application rates above
100 kg ha−1, but had a positive impact on plant height, fresh weight, dry weight, and seed yield. The development
of SSR showed differential responses to N application rates. Of all the treatments, the split application
(50 kg N ha−1 at preplant plus 100 kg N ha−1 side-dressed at the 6-leaf stage) increased canola growth and often pro-
duced the highest or similar seed yields to those of equivalent N rate applied as preplant. At the 150 kg ha−1 N rate,
no severe development of SSR was observed in either preplant-only or split application. Overall, this study demon-
strates that the split-N management strategy (50 + 100 kg ha−1) maintained a balance between enhancing plant
growth and mitigating the negative impacts of SSR on canola.

Key words: canola, Brassica napus, Sclerotinia stem rot, Sclerotinia sclerotiorum, plant growth, N-fertilizer management.

Résumé : Nul ne niera l’importance d’une stratégie efficace de gestion de l’azote (N) pour atteindre l’équilibre
entre une croissance optimale de la plante et les plus faibles dommages possibles attribuables à la maladie.
Pendant trois ans, les auteurs ont poursuivi une expérience sur le terrain pour, d’une part, évaluer les effets
d’un engrais N sur la croissance et le rendement grainier du canola ainsi que la gravité de la pourriture
sclérotique du colza (PSC) et, d’autre part, déterminer un taux d’application raisonnable du N qui optimiserait la
croissance de la culture tout en minimisant les pertes causées par la PSC, dans l’est du Canada. Ils ont conçu leur
expérience en combinant de façon factorielle huit régimes de fertilisation et deux hybrides du canola. Tous les
régimes de fertilisation ont réduit la levée du canola quand le taux d’application de l’engrais N avant les semis
dépassait 100 kg par hectare, mais ont aussi eu un effet positif sur la taille du plant, le poids frais, le poids sec et
le rendement grainier. La PSC réagit différemment au taux de fertilisation. Parmi les traitements, l’application
fractionnée (50 kg de N par hectare avant les semis et le double, épandu en bandes latérales au stade de la
sixième feuille) améliore la croissance du canola et engendre souvent un rendement grainier supérieur ou simi-
laire à celui obtenu avec l’application d’une quantité identique d’engrais N, avant les semis. L’application de
150 kg de N par hectare empêche un développement sérieux de la PSC, que l’engrais soit épandu en entier avant
les semis ou de façon fractionnée. En général, cette étude révèle que l’application fractionnée d’engrais
N (50+100 kg par hectare) préserve l’équilibre entre la croissance de la plante et la lutte contre la SPC chez le
canola. [Traduit par la Rédaction]

Mots-clés : canola, Brassica napus, pourriture sclérotique du colza, Sclerotinia sclerotiorum, croissance végétale, gestion
des engrais azotés.
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Introduction
Canola (Brassica napus L.), a high-value crop of healthy

oil and animal meal protein, as well as a viable renew-
able feedstock for biofuel production, has become the
dominant field crop in the Canadian Prairies, with
>8 million ha under canola production in 2016,
surpassing common spring wheat (Ma et al. 2019).
Nitrogen (N) is both an indispensable element of plant
growth and development and an important constitu-
ent of grain protein (Singh et al. 2019). Several studies
have been conducted on the effects of N fertilization
on canola nutrient uptake, nutrient balance, and can-
ola yields (Ma and Herath 2016; Ma et al. 2015, 2019,
2020; Singh et al. 2019). In eastern Canada, sound
agronomic practices have recently been developed for
canola production, particularly with respect to N fertil-
izer application and improved N-use efficiency for the
environmental and economic sustainability of canola
production (Ma et al. 2015; Ma and Herath 2016; Ma
et al. 2019).

N fertilizer application also affects the development of
plant diseases in crops. The increase in disease severity
was found to be correlated with N fertilizer application
in some pathosystems: an increase in N-rate resulted in
an increased crown rot (Fusarium pseudograminearum
O’Donnell & T. Aoki) (Smiley et al. 1996) and scab
(Fusarium spp.) (Liu et al. 2015) in wheat, or blast
(Magnaporthe grisea) in rice (Talukder et al. 2005). The
effect of N-rate appeared to be highly pathogen-
dependent, because of the differences in response to
nutrient supply among various pathogens, especially
between the obligate and facultative parasite (Huber
et al. 2012). With increasing N application rates, the dis-
ease incidence increased and tomato plants were
infected by powdery mildew (Oidium lycopersicum) and
leaf spot (Pseudomonas syringae van Hall), decreased by
gray mold (Botrytis cinerea Pers.), and remained unaf-
fected bywilt (Fusarium oxysporum Schltdl.) (Hoffland et al.
1999, 2000). In addition, the levels of disease develop-
ment resulting from N fertilizer application could vary
with crop varieties and plant growth conditions.
Pumphrey et al. (1987) reported that neither time nor
the rate of N application had a significant effect on the
occurrence of winter wheat (cv. Stephens) patch caused
by Rhizoctonia solani Kühn in Hermiston (Adkins loamy
sand), USA. MacNish (1985) found that N fertilizer
reduced Rhizoctonia patch of wheat (cv. Madden) under
zero-tillage in Esperance (sandplain soil), Australia.

Sclerotinia stem rot (SSR), caused by Sclerotinia sclerotio-
rum (Lib) de Bary, is a destructive disease of canola and
poses a serious economic threat to canola production
world-wide (Sharma et al. 2015). In Canada, the annual
occurrence of SSR is at 10%–20%, equating to an average
yield loss of approximately 5%–10% (Derbyshire and
Denton-Gile 2016). Canola is a small crop relative to cere-
als and soybean in eastern Canada, but its importance in

promoting complex crop rotation systems has been
increasingly recognized by researchers (Ma and Wu
2016; Ma et al. 2020). Therefore, the occurrence and
severity of SSR must be investigated to develop a sustain-
able canola production system for eastern Canada.

There have been studies concerning the effect of N fer-
tilizer on the canola SSR conducted elsewhere in recent
years. For example, a field experiment carried out in
Hubei, China, showed that the application of N fertilizer
increased the SSR disease index by 17.7% (Li et al. 2013).
Brandt et al. (2007) reported that the N-rate had no sig-
nificant impact on SSR incidence in the Parkland region
of the Canadian prairies.

In light of the complex responses and significant spa-
tial variability of SSR to N fertilizer, a reasonable N man-
agement that considers the synergistic interactions and
balance between nutrient requirements of the crop and
the disease occurrence is even more imperative to
improving canola yields. Up to date information is still
lacking regarding optimal and comprehensive manage-
ment practices that stress the effects of N-rate on canola
production as well as on SSR in eastern Canada,
although the recommended N-rates have provided the
regional or site-specific guidelines for higher canola
yield and environmentally-sound N management (Ma
and Herath 2016; Ma et al. 2015, 2019, 2020). The objec-
tives of the present study were to (i) understand the
effects of N fertilizer on canola growth parameters, seed
yield, and development of SSR, and (ii) determine a rea-
sonable N-rate for making improved N management
decisions in eastern Canada. The results can help to find
the balance of N requirements between higher canola
yields and lower SSR disease severity, and further opti-
mize the economic and environmental benefits.

Materials and Methods
Experimental site and design

The field experiments were conducted at Central
Experimental Farm of Agriculture and Agri-Food
Canada (AAFC), Ottawa, ON (45°23′N, 75°43′W) in 2014,
2015, and 2016. The soil type was sandy loam. The daily
precipitation and temperature in the experimental
growing seasons are given in Fig. 1. Moderate levels of
SSR were observed in the preceding soybean crop in
2013, and the disease was not found in the preceding
crops of oat in 2014 and spring wheat in 2015 at the
experimental site. Other agroclimatic conditions, tillage,
and cultural practices at the test site were described in
detail by Ma et al. (2019).

The experiment was a randomized complete block
design with four replications in each year to test two fac-
tors (N treatment and canola hybrid Variety) as an 8 × 2
factorial arrangement. The eight N treatments as combi-
nations of N-rates and application timing were: 0 (N0), 50
(N50), 100 (N100), 150 (N150), and 200 (N200) kg ha−1 at
preplant; and 50 kg ha−1 at preplant plus 50 (N50 + 50),
100 (N50 + 100), or 150 (N50 + 150) kg ha−1 side-dressed
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at the 6-leaf stage of canola. Fertilizer urea was used as
the N source. The canola varieties consisted of Brassica
napus L. hybrid InVigor 5440 and InVigor L140P (except
for InVigor L150 in 2014). Both varieties had similar final
plant heights and similar phenology within a growing
season. They were susceptible to SSR based on our field
observations.

The plot was 10 m in length and trimmed to 8 m after
full emergence. It contained 12 rows of canola with a row
spacing of 19 cm. The trial was sown at the recom-
mended seeding rate of 5 kg ha−1 with seeding depth of
about 1–2 cm (Ma et al. 2016), on 12 May 2014, 2 May
2015, and 6 May 2016. The final plant density was 80 to
120 plants m−2. Liberty herbicide (2.5 L ha−1) was applied
at the 2–4 leaf growth stage of canola for weed control
each year. The N fertilizer at preplant was incorporated
into the soil on or one day before the planting dates,
while side-dressed N was applied manually when the
plants reached the 6th fully expanded leaf stage, which
occurred on 17 June 2014 and 2015, and 16 June 2016
(Fig. 1).

Sampling and data collection

The plant growth data were collected from rows 3–8 of
each plot. Plant emergence was recorded after full
emergence in early June each year. The emergence rate
(%) = number of plants emerged/total seeds sown in the

area × 100. Plant samples (10 seedlings in each plot) were
taken shortly after side-dressing N on 19 June 2014 and
2015, and on 23 June 2016 (Fig. 1) for the assessment of
plant height, fresh weight, and dry weight. The samples
were dried in a forced-draft oven at 80 °C for 3 d. Seed
yields were determined by combining a 6-row area in
each plot and reported on a 100 g kg−1 moisture basis.
In 2014, the canola hybrid Invigor 5440 and InVigor
L150 were tested; then hybrid Invigor L150 was replaced
with L140P in 2015 and 2016. The reason for switching
the hybrids was that L150 was more prone to lodging
(Wen et al. 2021).

The percentage of plants infected with SSR were
counted based on approximately 500 plants in a 5 m × 6
row area from the left front of each plot on 15 July 2014,
18 July 2015, and 15 August 2016 when plants were at
the seed development stage (Fig. 1).

The SSR disease incidence (DISSR) is expressed as
follows:

DISSRð%Þ =
A
B
× 100

Where A and B represent the number of plants infected
and the total number of plants investigated, respectively.

Statistical analysis
The data of emergence rate, plant height, fresh weight,

dry weight, SSR incidence, and seed yield were subjected

Fig. 1. Daily mean air temperature and precipitation from 1 May to 31 Aug. in Ottawa, Ontario, in 2014, 2015, and 2016. Data were
collected by Environment Canada weather station. PP= preplant; SD= side-dressed; PSD= plant sample date for growth
parameters; SRD= Sclerotinia stem rot rating date.
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to analysis of variance without transformation. An indi-
vidual analysis of variance for each year and a combined
analysis over years were conducted using the MIXED pro-
cedure in SAS version 9.4 (SAS Institute Inc. Cary, NC,
USA) with years and replications as random effects, and
N treatment and variety as fixed effects. Treatment
means were separated by Fisher’s Least Significant
Difference (LSD) test at a probability level of P ≤ 0.05
when ANOVA showed significant treatment effects.

Results and Discussion
The year 2014 had a slightly cold, wet May, with total

rainfall of 87 mm and an average temperature of 14.2 °C,
and was warm and rainy from June to August. In 2015,
the lowest average temperature was 17.2 °C in June and
a minimum rainfall of 40.8 mm in July, compared with

the same period in 2014 and 2016. In 2016, the weather
was warm throughout the growing season; however, it
was obviously drier than in 2014 and 2015. The total pre-
cipitation was 26.2 mm in May, 66.2 mm in June, much
less than in the same periods of 2014 and 2015, and
57.2 mm in July, slightly more than 2015. These data indi-
cated that canola did not encounter extreme climatic
conditions that could affect its growth from 2014 to 2016.

Analysis of variance showed that both N treatment
and year effects were significant on emergence, plant
height, fresh weight, dry weight, seed yield, and SSR inci-
dence. There was a significant N treatment × year inter-
action on fresh weight, seed yield, SSR incidence, and
plant height, indicating that the N treatment had differ-
ent effects on the above parameters in different years
(Table 1). The varieties had varying effects on emergence,

Table 1. Mean squares from combined and individual analysis of variance for the effects of N treatment, variety, year, and
their interactions on seedling emergence, plant height, fresh weight, dry weight, and seed yield of canola and on disease
severity of Sclerotinia stem rot (SSR) in Ottawa, Ontario, in 2014, 2015 and 2016.

Components DF
Emergence
(%)

Plant height
(cm)

Fresh weight
(g/plant)

Dry weight
(g/plant)

Seed yielda

(kg ha−1)
SSR
(%)

Combined analysis
Year (Y) 2 9540.5** 2112.9** 11633.3** 106.1* 13006779.2** 1837.0**
Replicate 3 349.8 109.9 436.9 13.4 879861.0 6.9
Error A 6 207.9 94.5 796.2 15.6 119828.3 3.1
Variety (V)b 1 6351.5** 693.9** 305.0* 7.5 1197418.5** 7.6
N treatment (N) 7 740.9** 121.1** 1053.5** 8.9** 3274170.1** 35.2**
V*N 7 111.5 26.9 47.1 1.9 577054.5** 20.5
Y*V 2 43.5 90.6 172.8 0.6 2636481.6** 4.5
Y*N 14 113.3 63.0* 146.4** 2.0 984170.8** 48.1**
Y*N*V 14 73.1 58.1* 78.9 3.7 539965.8** 9.7
Error B 135 169.9 32.5 63.4 2.3 75784.9 11.0

Individual analysis
2014
Replicate 3 275.3 112.6 173.0 0.2 424286.5 10.4
Variety (V) 1 1914.1** 28.9 554.6** 4.6** 5983981.4** 12.9
N treatment (N) 7 202.5 21.7 260.7** 0.9 861125.2** 91.0*
V*N 7 19.7 18.1 42.6 0.9 1419683.1** 32.0
Error 45 150.4 13.8 58.0 0.5 123111.5 30.1

2015
Replicate 3 105.0 159.8 1782.0 43.0 105963.0 2.6
Variety (V) 1 2855.6** 252.0* 7.4 3.5 468548.0** 0.4
N treatment (N) 7 535.6 176.8** 981.6** 10.6 2362104.6** 33.4**
V*N 7 179.5 92.3 137.9 8.0 142137.0* 5.4*
Error 45 265.8 48.6 118.6 6.2 50903.2 2.4

2016
Replicate 3 385.2 26.6 74.4 1.5 589268.1 0.2
Variety (V) 1 1668.7** 594.1** 88.6* 0.5 17852.3 3.3*
N treatment (N) 7 229.3* 48.5 104.0** 1.5** 2019281.9** 7.0**
V*N 7 58.6 32.6 24.4 0.4 95166.0 2.5**
Error 45 93.6 35.2 13.4 0.2 53340.1 0.5

Note: *, ** were significant at P< 0.05 and<0.01 levels. DF, degrees of freedom.
aThis data was originally included in a large data set in a machine learning model to estimate site-specific N

recommendations (Wen et al. 2021).
bFor the yield, the canola hybrid Invigor 5440 and InVigor L150 were tested in 2014; then hybrid Invigor L150 was

replaced with L140P in 2015 and 2016.
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plant height, fresh weight, and seed yield. There was a
significant interaction of year × variety on seed yield in
2014 and 2015, but not in 2016. The N treatment × year ×
variety interactions were observed for plant height and
seed yield (Table 1).

N fertilizers are essential to increase canola yields by
promoting vigorous growth and development, and
affecting key yield components as well (Ma et al. 2019).
In 2014, the treatments N50, N150, and N200 signifi-
cantly increased the fresh weight; and no difference
showed between N150 and N200, but both were higher
than N50 at the 6-leaf stage. With other treatments,
including N100, N50 + 50, N50 + 100 and N50 + 150, no
significant effects were observed. The main reason why
N split application had no effect on increasing fresh
weight was because the side-dressed N did not have
enough time to affect plant biomass. Another explana-
tion may have resulted from the 13.8 mm precipitation
on 17 June (Fig. 1). The rainwater on the day of the side-
dressed application of N fertilizer might have washed
away part of the fertilizer, resulting in a decrease of N
uptake by canola. In 2015, all N treatments significantly
increased the fresh weight, and N200 showed a more
obvious effect than all the other treatments except
N150. In 2016, the effects of all N treatments were consis-
tent with those in 2015 (Table 2).

At 200 kg N ha−1, the fresh weight of preplant treat-
ments was obviously higher than that of split applica-
tion treatments in all 3 yr. At 150 kg N ha−1, the
preplant treatments were significantly higher than split
application treatments only in 2014, and there was no
difference in 2015 and 2016 (Table 2).

On average across the 3 yr, the canola dry weight
increased with N-rates in preplant application but was
not significantly affected by the split application. There
was a significantly greater dry weight in treatments
N100, N150, N200 and N50 + 50 compared with the con-
trol N0. N200 was significantly higher than N100 and
N50 + 50, while N150 showed comparable improvement
effect. The dry weight of preplant N treatment was
higher than that of N split application at either a total
N-rate of 150 or 200 kg ha−1 (Table 2).

Plant height is a good index of the relative growth rate
of crops and is an important morphological character
related to vegetative growth (Singh et al. 2019). In all
3 yr, plant height positively responded to N applications
in most cases; however, the highly significant promoting
effects of N treatments were observed only in 2015.
Except for N50 and N50+ 150, the remaining treatments
significantly increased the plant height in comparison
with the control N0; and no difference was observed
among them (Table 2). In 2014, treatments N150, N200,
and N50 + 50 showed a significant increase in plant
height with no differences among them. Other treat-
ments produced no significantly positive effect on plant
height (Table 2). In 2016, all N treatments increased the
plant height, but a significant difference was found only

between N50+ 150 and the control N0 (Table 2). In most
cases, our results did still agree with Ma et al. (2015) that
the tallest plants were found in plots that received 150 to
200 kg N ha−1, although only the effect of N treatments
on the early growth of canola was investigated in the
present study.

Although the plants were taller in most preplant treat-
ments than those in the split application at the same
total N-rate, a significant difference was observed only
in 2015 between N200 and N50 + 150 (Table 2). These
results differ from the findings of Ma et al. (2015) that
plants receiving preplant N were significantly taller than
plants that received equivalent amounts of side-dressed
N for most sites. The difference could be attributed to
the weather conditions, especially total rainfall and tem-
perature conditions. Dry soil conditions could hinder
root development and further reduce water and nutrient
uptake (Wen et al. 2021). In 2016, the growing season
rainfall was the lowest, lower by 49.9 mm than that in
2014 and 15.6 mm lower than that in 2015. An average
temperature of 14.2 °C during the early stages of canola
growth in May 2014, was lower by 1.6 °C and 3.0 °C than
that in the same period in 2015 and 2016. These unfav-
ourable weather conditions may have affected the
responses of canola plant height to N fertilizer before
flowering. In addition, it should be pointed out that
plant heights in this study were measured at the early
growth stage, and the samples were collected shortly
after the application of side-dressed N, which was not
expected to have a large effect on plant height. In the lit-
erature, plant heights were measured at full flowering or
maturity and refer to the final height.

In spite of a few exceptions, either N150 or N200 treat-
ment resulted in the highest biomass (fresh weight and
dry weight) and increased the plant height; and no sig-
nificant differences were found between them. Based
on the environmental and economic concerns, a total
N-rate of 150 kg ha−1 was recommended as the optimum
rate. The preplant-only (N150) and preplant in combina-
tion with side-dressed (N50 + 100) had a similar effect
on canola fresh weight and plant height, with the excep-
tion of fresh weight in 2014; however, the former signifi-
cantly increased dry weight in comparison with the
latter (Table 2).

Seed yield is the net resultant of various agronomic
inputs influencing growth and yield attributing charac-
ters during the life cycle of the crop (Singh et al. 2019).
In our study, the yield data have initially been used for
machine learning-based canola yield prediction (Wen
et al. 2021). From the data, the yield responses to N fertili-
zation were found to be highly dependent on the grow-
ing environment, and there were significant differences
among the years. On average, seed yield increased sig-
nificantly with increasing rates of N applications (pre-
plant and side-dressed N applications) in all 3 yr. The
highest seed yield was observed with N50 + 100 treat-
ment in 2014, and the treatment showed a comparable
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improvement effect with N50 + 150, N100 and N150.
Similarly, N50+ 150 treatment had the highest seed yield
in 2015, and the treatment showed a comparable

improvement effect with N200 and N50+ 100; N200 had
the highest seed yield, but it did not significantly differ
from those of N50 + 100 and N50 + 150 in 2016 (Table 2).

Table 2. Effects of nitrogen (N) treatments on seedling emergence, plant height, fresh weight, dry weight, and
seed yield of canola and on disease severity of Sclerotinia stem rot (SSR) in Ottawa, Ontario, in 2014, 2015, and
2016.

N treatment
Emergence
(%)

Plant height
(cm)

Fresh weight
(g/plant)

Dry weight
(g/plant)

Seed yield*
(kg ha−1)

SSR
(%)

2014
N0 75.3abc† 31.3b 22.7d 1.6c 2856c 6.4d
N50 82.3ab 34.8ab 31.7bc 1.8bc 3424b 11.0bcd
N100 77.3abc 34.9ab 29.9bcd 2.2abc 3569ab 12.2abc
N150 72.0bc 36.1a 36.1ab 2.7a 3560ab 8.8cd
N200 69.5c 35.9a 40.1a 2.4ab 3508b 17.1a
N50+ 50 78.9abc 36.4a 28.9bcd 2.3abc 3366b 12.5abc
N50+ 100 75.9abc 34.1ab 26.6cd 2.0abc 3901a 10.9bcd
N50+ 150 84.8a 34.0ab 25.5cd 2.2abc 3704ab 15.2ab

2015
N0 60.9a 38.1d 29.7d 3.1c 2254e 4.8b
N50 58.1a 44.5bcd 42.0c 4.3abc 2973d 7.1a
N100 59.4a 49.9ab 47.6bc 4.4abc 3535bc 7.3a
N150 49.1ab 48.0abc 53.9ab 5.7ab 3489c 2.6cd
N200 35.9b 52.9a 68.6a 6.8a 3733ab 2.4d
N50+ 50 55.0a 47.3abc 49.7bc 4.7abc 3632bc 5.0b
N50+ 100 53.1a 46.0abc 44.0bc 4.1bc 3751ab 4.0bc
N50+ 150 58.8a 41.3cd 44.3bc 3.8bc 3908a 2.0d

2016
N0 76.9a 35.1b 14.7d 1.9d 1438e 1.8bc
N50 77.9a 38.6ab 18.7c 2.5c 2271d 1.3cd
N100 68.7abc 36.5b 22.4bc 2.9bc 2529c 2.4ab
N150 63.2c 40.8ab 23.6ab 3.0ab 2755bc 0.8de
N200 66.1bc 36.9ab 27.0a 3.3a 2990a 0.8de
N50+ 50 73.1ab 40.0ab 20.5bc 2.6c 2585c 2.9a
N50+ 100 74.9ab 38.1ab 20.4bc 2.4c 2923ab 0.5e
N50+ 150 75.3ab 42.6a 19.8c 2.6c 2826ab 0.4e

3-yr average
N0 71.0a 34.8b 22.4d 2.2d 2190e 4.3c
N50 72.8a 39.3a 30.8c 2.9cd 2910d 6.5ab
N100 68.5ab 40.4a 33.3c 3.1bc 3203abc 7.3a
N150 61.4bc 41.6a 37.8b 3.8ab 3224abc 4.1c
N200 57.2c 41.9a 45.2a 4.2a 3358a 6.7ab
N50+ 50 69.0a 41.2a 33.0c 3.2bc 3088c 6.8ab
N50+ 100 68.0ab 39.4a 30.3c 2.9cd 3256ab 5.1bc
N50+ 150 72.9a 39.3a 29.9c 2.8cd 3115bc 5.9abc
2014 77.0a 34.7c 30.2b 2.1b 3180b 11.8a
2015 53.8c 46.0a 47.4a 4.6a 3410a 4.4b
2016 72.0b 38.6b 20.9c 2.6b 2540c 1.3c
5440 61.8b 37.8b 34.1a 3.3a 3122a 6.0a
L140P 73.3a 41.6a 31.6b 2.9a 2964b 5.6a

*The data was originally included in a large data set in a machine learning model to estimate site-specific
N recommendations (Wen et al. 2021). The canola plants were combine-harvested in early August. Seed yield
was determined by combining a 6-row area in each plot and reported on a 100 kg−1 moisture basis.
The canola hybrid Invigor 5440 and InVigor L150 were tested in 2014; hybrid Invigor L150 was replaced
with L140P in 2015 and 2016.

†Means within a column with the same letter within each parameter are not significantly different at
P< 0.05 (LSD). The samples for the assessment of plant height, fresh weight, and dry weight were taken
shortly after the 6th fully expanded leaf stage.
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In all 3 yr, the highest canola yields resulted from the
application of N rate 150 and 200 kg N ha−1. At the two
N levels, the split-N fertilization strategy promoted can-
ola productivity in most cases, compared with preplant-
only application of the equivalent amount. At the
150 kg N ha−1 rate, only in 2015, there was a statistical
difference in the yield response to the N application
methods where the split-N application strategy had
higher seed yield than preplant application (Table 2).
Considering the crop N uptake and better N economy
of canola production, it was recommended to use a com-
bination of 50 kg N ha−1 applied at preplant plus 100 kg
N ha−1 as side-dressed for the optimum seed yield pro-
duction. Previous studies also showed that the highest
seed yield was observed with N50 + 100 treatment (Ma
et al. 2015; Ma and Herath 2016), and side-dressed N strat-
egy is more efficient than a preplant-only application
with savings of 10–20 kg N ha−1 to achieve similar canola
seed yield (Ma et al. 2015).

We noted that treatment N50 + 100 did produce the
highest canola yields, while N150 could obviously pro-
mote plant vegetative growth in some cases. This was
because canola plants were more sensitive to preplant
N in the early vegetative growth stage and side-dressed
N might have been more available for reproductive
growth (Ma et al. 2015).

Regardless of treatments, there was a significant dif-
ference (P < 0.05) in seed yields among 2014, 2015, and
2016. Canola crops are grown in complex environments
and even a slight variation in one growing condition
could highly impact plant growth. Under unfavorable
growing conditions, the surrounding circumstances
may develop into the determinants limiting canola pro-
duction (Wu et al. 2018; Wu and Ma 2018). Heat stress
and precipitation distribution were identified as of criti-
cal importance in total yield variation (Wen et al. 2021).
In 2016, moderate heat stress occurred and the rainfall
was much lower than that in 2014 and 2015 (Fig. 1). The
unfavorable weather condition served as an explanation
of the lowest seed yield in 2016.

The emergence of crops is critical for good stand estab-
lishment (Singh et al. 2019). In our study, N fertilizer
showed a significantly negative impact on canola
emergence. A consistent reduction of emergence was
observed with an increase of N-rate in preplant applica-
tion, and there were significant differences between
both treatment N150 and N200 and control N0 (Table 2).
The results are in agreement with the findings on a
Black Chernozem soil by Kutcher et al. (2005) and on
Dark Brown loam and Black clay Chernozemic soils in
Saskatchewan by Brandt et al. (2007). The phenomenon
is likely caused by the fact that the canola is more sensi-
tive to ammonia and salt injury (Bushong et al. 2018),
resulting in a delayed or reduced emergence at the high
N fertilizer rates. All the treatments of preplant in
combination with side-dressed, including N50 + 100 had
no effect on canola emergence in the present study

(Table 2), providing indirect evidence that the applica-
tion of 50 kg N ha−1 had no impact on canola emergence.
A study carried out in north-eastern Saskatchewan
showed that the side banding of 40, 80, and 120 kg
N ha−1 and seed row placement of 40 kg N ha−1 at seed-
ing had no detrimental effect on emergence, while seed
row placement of 80 and 120 kg N ha−1 generally reduced
emergence compared with side banding (Malhi and
Gill 2004).

Agronomic practices, especially fertilization, have
been shown to affect the development of diseases in
many crops. In the study, when the total N-rate was
150 or 200 kg ha−1, N application had a decreasing effect
or no effect on SSR incidence, except the N200 and
N50 + 150 in 2014; N-rate ≤ 100 kg N ha−1 showed
increasing effect or no effect on it (Table 2). Usually,
plants with an optimal nutritional status generally have
the highest level of resistance to diseases, and the
susceptibility increases as nutritional status deviates
from this optimum (Huber et al. 2012). According to
the previous analysis, better growth parameters and
higher seed yield of canola have been performed at a
total N-rate of 150 or 200 kg ha−1. These results might
imply that the N supply at a higher rate could help can-
ola to obtain an optimal nutritional status and enhance
the resistance to the pathogen causing SSR by altering
growth and tissue composition (e.g., the concentration
of soluble compounds or defence compounds) (Huber
et al. 2012).

The impact of N fertilizer on SSR was different among
the 3 yr. In 2015 and 2016, all the high N treatments
including N150, N200, N50 + 100, and N50 + 150, signifi-
cantly reduced SSR incidence with no significant differ-
ence among these treatments, with the only exception
of N50 + 100 in 2015 (Table 2). In 2014, N150 and
N50 + 100 showed no significant effect on SSR incidence
in comparison with the control N0, while N200 and
N50 + 150 significantly increased the disease incidence
(Table 2). In Saskatchewan, Kutcher et al. (2005) also
found that the changes in N-rates did not show consis-
tent effects: the high N fertility increased SSR in 1999
and 2000, but the reverse was detected in 2001, and the
reason had been attributed to the differences in environ-
mental conditions in those years. It is reported that the
general effect of N on the disease susceptibility of plants
may be modified by additional factors such as the plant
species and plant growth conditions. Under field condi-
tions, fertilizers affect the performance of plants and
their parasites directly via their effects on plant nutri-
tion and indirectly by changing the biotic and abiotic
environment, which affects pathogen survival and func-
tion (Huber et al. 2012). In the present study, the plant
height of all N treatments in 2014 was lower than that
in the other 2 yr in most cases. Meanwhile, the growing
season rainfall in 2014 was much higher than that in
the other 2 yr (Fig. 1). Both conditions can lead to the
increase of humidity within a crop, which produces a
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microenvironment more favorable to the development
of canola SSR disease. Therefore, the differences in SSR
response to equivalent amounts of N, especially to high
N-rate, could be attributed to the formation of micro-
environment to some extent. The phenomena also indi-
cated that the SSR development was governed more by
the climate conditions than the N nutritional status of
canola. Nevertheless, of all the N application rates used
in this study, only the total N-rate 150 kg ha−1 application
reduced or had no effect on the SSR incidence, compared
with the control N0 in all 3 yr. The results suggested that
the 150 kg ha−1 was a feasible N supply strategy for can-
ola, taking the development of SSR into consideration.
At this N-rate, no significant difference was observed
between the preplant-only and split applications in SSR
incidence (Table 2).

The SSR incidence was the highest in 2014 and the low-
est in 2016, and there were statistical differences among
these years (Table 2). The differences in disease pressure
are likely due to the weather and environmental
conditions required for the disease development. The
S. sclerotiorum infection of canola most commonly occurs
through carpogenic germination, which is characterised
by the release of thousands of ascospores from apothecia
(Lane et al. 2019). Soil moisture is the main factor
controlling carpogenic germination of sclerotia. The
high levels of precipitation can exacerbate the disease
caused by S. sclerotiorum, by aiding in the establishment
of S. sclerotiorum in planta (Koch et al. 2007). The drier
environments resulted in a reduction in the number or
elimination of apothecia (Ferraz et al. 1999), and then
the chance of infection by the pathogen was greatly
reduced. A comparison of the growing seasons (May,
June, July, and August) of the 3 yr shows that the
monthly precipitation was the highest in 2014 and the
lowest in 2016 (except July); and except June, the
monthly average temperature was lowest in 2014 and
the highest in 2016 (Fig. 1). Based on the above analysis,
the weather conditions were more favourable for SSR
infection and disease development in 2014 and less for
the same period in 2015 and 2016. Therefore, inoculum
levels could have been higher in 2014, resulting into dif-
ferential disease responses in 2014 relative to other
years. As a result, more severe SSR developed in 2014
than in 2015 and 2016 (Table 2).

Studies have demonstrated that the application of fer-
tilizers in different amounts and forms has effects on
microbial activity in the soil and rhizosphere, as well as
the presence of soil-borne pathogens (Aira et al. 2010;
Huber et al. 2012). There was a tendency for high N to
substantially increase the proportion of pathogenic gen-
era in sugarcane rhizosphere and soil, which indicates
that increasing N fertilizer modifies the composition of
the fungal communities and has a negative impact on
plant health by promoting pathogenic fungi (Paungfoo-
Lonhienne et al. 2015). The decrease in common root
rot disease levels of spring wheat at low N fertility

appeared to be associated with lower levels of Fusarium
spp., particularly F. pseudograminearum (Fernandez and
Zentner 2005). However, it is still unknown whether
and how N fertilizer rates will modify the fungal com-
munities in the canola rhizosphere and eventually affect
the severities of SSR in canola.

The changes in the relative abundance of the fungal
population in response to N doses are not restricted to
the pathogen but span a wide range of microorganisms
taxa, including genera known to influence plant health.
It is a promising strategy to reduce disease incidence
and improve crop performance by manipulating the
microbial community in the rhizosphere based on rea-
sonable use of agrochemicals (Paungfoo-Lonhienne et al.
2015). It is possible that the impact of N-fertilizer applica-
tion rates not only on the SSR (S. sclerotiorum) in canola
rhizosphere and soil but also on rhizosphere micro-
organism communities.

The variety of the crop is another factor that affects
the N action on disease severity. Susceptible cultivars
are at a higher risk for diseases than the more resistant
cultivars when N fertilizer application exceeds the opti-
mal rate (Long 2000). In our study, no significant
differences were observed between InVigor L140P and
InVigor 5440 in response to SSR; however, this phe-
nomenon does not imply that the effect of variety sus-
ceptibility on the disease can be ignored in future
practices, as this study only tested two varieties. To
determine if canola variety responds differently to
N treatments in regard to the SSR, B. napus cultivars
with different disease-resistant levels should be chosen
for further study.

The different seed yield in responses to N treatments
between varieties InVigor L140P (InVigor L150 in 2014)
and InVigor 5440 were observed among 3 yr. For
InVigor 5440, N50 + 100 treatments showed the highest
yields in 2014, and no significant differences were found
with N100, N150, and N50 + 150. In 2015, N50 + 100
showed the highest yields, and no significant differences
presented with N100, N200, and N50+ 150. In 2016, N200
had the highest yields, and no differences were observed
with N150, N50 + 100, and N50 + 150. For InVigor L140P,
N50 + 150 showed the highest yield in 2015, and no sig-
nificant differences were observed with N150, N200,
N50+ 50 and N50+ 100; N50+ 100, in 2016, had no differ-
ence with N150 and N200. For InVigor L150, N50, N100,
and N150 showed the highest yields in 2014, and they
are comparable (Table 3).

The varieties also showed different growth responses
to N treatments. The emergence of InVigor L140P was
higher than that of InVigor 5440, but the fresh weight
was lower (Table 2). For InVigor 5440, the plant height
was significantly increased by both N150 and N200 in
2014, by N200 in 2015, and by N50 + 150 in 2016. For
InVigor L140P, there was no significant effect in 2014
and 2016; N100, N150, N200 and N50+ 50 application sig-
nificantly increased the plant height in 2015, with no
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significant differences in plant height being found
among these N treatments (Table 3). The plant responses
were likely a result of the interaction among various
factors such as crop, weather, and rates and timing of
N-fertilizer application.

The use of precision agriculture technology to guide
crop input application may make crop production envi-
ronmentally friendly and cost-effective by optimizing
input use efficiency and avoiding interactions that
would decrease crop yield (Wallace 1994). Successful
application of precision agriculture technology requires
information on crop response to many factors including
fertilization, yields, and disease management. The N-rate
where high nutrition is supplied to stimulate crop
growth but decrease disease incidence can be considered
ideal because it brings both optimal growth and seed
yield and a greater level of resistance to diseases. In the
present study, the fertilizer management of a total of
150 kg N ha−1 as preplant in combination with the side-
dressed application (N50 + 100), could ensure optimum

growth and seed yields, and avoid severe development
of SSR. Meanwhile, it did not result in a decrease in plant
emergence. The appropriate N rate and management
strategies found in this study are in line with recommen-
dations derived from multi-site-year experiments in
eastern Canada (Ma et al. 2019, 2020). However, differenc-
es in N fertility form and rate, management practices,
and environmental conditions, as well as the interaction
among these factors, can all influence plant yield and
quality and the development of SSR. In the present
study, the lower disease pressure for SSR, except in
2014, may have not sufficiently demonstrated the N
effect on SSR, which would make the experimental
results deviate from the actual situation to some extent.
In addition, samples were taken shortly after the side-
dressing application, and the side-dressed N might not
have fully affected plant growth parameters. Therefore,
further studies with adequate disease levels and longer
intervals between fertilizer application and sample date
are needed to verify the conclusions and continuously

Table 3. Effects of nitrogen (N) treatments on plant height shortly after the 6th fully expanded
leaf stage and seed yield in two different canola varieties in Ottawa, Ontario, in 2014, 2015 and
2016.

Year N treatment

Plant height (cm) Seed yield* (kg ha−1)

InVigor 5440 InVigor L140P InVigor 5440 InVigor L140P†

2014 N0 29.5b‡ 33.0a 2856c 2903c
N50 34.5ab 35.0a 3424b 3548a
N100 34.8ab 35.0a 3569ab 3517ab
N150 37.0a 35.3a 3560ab 3295ab
N200 37.3a 34.5a 3508b 3195bc
N50+ 50 34.3ab 38.5a 3366b 2728c
N50+ 100 33.8ab 34.5a 3901a 2289d
N50+ 150 31.0b 37.0a 3704ab 1521e

2015 N0 39.3b 37.0e 2248e 2261d
N50 42.3ab 46.8bcde 2813d 3133c
N100 42.3ab 57.5a 3665ab 3405bc
N150 45.3ab 50.8abcd 3235c 3744a
N200 51.0a 54.8ab 3617ab 3849a
N50+50 41.8b 52.8abc 3414bc 3851a
N50+ 100 48.5ab 43.5cde 3801a 3702ab
N50+ 150 41.8ab 40.8de 3800a 4015a

2016 N0 30.8b 39.5a 1373d 1503e
N50 37.3ab 40.0a 2412c 2131d
N100 34.8ab 38.3a 2588bc 2471c
N150 35.8ab 45.8a 2702abc 2809ab
N200 34.3ab 39.5a 3041a 2939ab
N50+ 50 36.5ab 43.5a 2550bc 2620bc
N50+ 100 32.3b 44.0a 2782ab 3064a
N50+ 150 42.8a 42.5a 3003a 2649bc

*This data was originally included in a large data set in a machine learning model to estimate
site-specific N recommendations (Wen et al. 2021).

†For the yield, the canola hybrid Invigor 5440 and InVigor L150 were tested in 2014; then hybrid
Invigor L150 was replaced with L140P in 2015 and 2016.

‡Means within a column by the same letter within each parameter are not significantly different
at P< 0.05 (LSD).
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optimize the fertilizer management strategy to benefit
future canola production.

Conclusions
Our results indicated that the total economical rate

150 kg N ha−1, applied as preplant or as the split with
side-dress (N50 + 100) applied at the 6-leaf stage, was ben-
eficial not only in promoting the canola vegetative
growth (plant height, fresh weight, and dry weight) and
seed yield but also in minimizing the negative impact
of SSR disease. Although the N treatment 150 kg ha−1 as
preplant-only (N150) was more available to vegetative
growth than split application (N50 + 100) in some cases,
the highest seed yield of canola produced at N50 + 100.
Meanwhile, the treatment N50 + 100 did not decrease
the emergence of canola. Therefore, we recommend the
split-N fertilizer strategy of 50 kg ha−1 at preplant plus
100 kg ha−1 as a side-dress at the 6-leaf stage, as a
“balanced” nutrient supply.
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