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Agnė Lukošiūtė-Stasiukonienė 1, Mohammad Almogdad 1,* , Roma Semaškienė 1 and Viktorija Mačiulytė 2
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Abstract: Tan spot (Pyrenophora tritici-repentis) is presenting a persistent challenge to the plant health
and yield of all wheat-growing regions. This research is focused on tan spot disease management in
spring wheat when planted at three distinct times and with three different seeding rates without the
use of fungicides. Across all years, higher seed rates (500 and 600 seeds per m2) generally resulted in
lower tan spot intensity compared to the lower seed rate (400 seeds per m2). Significant differences in
tan spot intensity were observed across seed rates at all sowing times. In 2021, the percentage of the
AUDPC was significantly higher in the late sowing time (324.58%), with about a 2-fold difference
compared with the early (167.48%) and optimal sowing time (191.80%). This suggests that delayed
sowing significantly exacerbates disease occurrence. The combined effect of sowing time and year on
the AUDPC was notably significant. The AUDPC of the tan spot in all seed rates was the highest
in the late sowing time plots in comparison to the ideal and initial planting dates plots. Our results
demonstrate how important seed rate and sowing timing are in determining the degree of tan spot in
spring wheat. Growing crop methods may be improved by taking these elements into account to
better control tan spots. More agricultural methods and environmental aspects should be investigated
in future studies to create all-encompassing tan spot control plans.
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1. Introduction

Spring wheat (Triticum aestivum L.) stands as a cornerstone crop in global agricul-
ture, supplying essential carbohydrates and proteins to vast populations worldwide [1].
Despite its agricultural significance, the productivity and quality of spring wheat can be
substantially compromised by various biotic stresses, with fungal diseases such as tan spot
(Pyrenophora tritici-repentis), presenting a persistent challenge to crop health and yield [2].
Tan spot, characterized by necrotic lesions on wheat leaves, is a prevalent foliar disease
that occurs in virtually all wheat-growing regions [3]. The economic impact of tan spots
is considerable, as it can lead to significant yield reductions and decrease the quality of
harvested grain [4]. Tan spot is a serious foliar disease that can result in yield losses of up
to 50% during widespread seasons [5]. The disease often results in yield decreases of 6%
to 24% for grains [6]. The significant influence on wheat yield highlights the necessity of
putting into practice efficient management techniques to reduce losses and preserve the
sustainability of wheat cultivation. The severity of tan spot outbreaks fluctuates annually,
influenced by a multitude of factors encompassing microenvironment changes or plant
growth stages [7]. Among the array of factors influencing tan spot intensity, plant density
and sowing timing emerge as pivotal agronomic determinants. Plant density, defined as
the number of plants per unit area, influences the spatial arrangement of plants and subse-
quently affects light interception, air circulation, and microclimate within the canopy [8].
Employing management techniques like optimizing planting time can reduce the impact
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of environmental stressors during crucial stages of growth [9], thus influencing disease
susceptibility. In wheat, there is a complex interaction between crop density and infectious
disease occurrence, with varying effects observed depending on the specific pathogen and
environmental conditions. The microclimate within the canopy of wheat, integral to the
growth and development of crops, mirrors fluctuations in the crop’s microenvironment [10].
Higher plant densities can promote canopy closure, creating a more favorable microenvi-
ronment for pathogen proliferation by enhancing humidity and reducing air circulation,
thus exacerbating disease pressure [11]. One of the more extensively studied instances
involves how canopy structure can decrease disease occurrences in beans and corn [12].
Similarly, sowing timing exerts a profound influence on disease dynamics in wheat. Early
sowing can coincide with crop growth stages and conditions that are favorable for disease
development. The timing of planting had a notable impact on disease indexes in wheat [13].

Over the past few years, wheat foliar diseases have become more severe due to a
combination of factors, including the implementation of sustainable farming practices, the
cultivation of vulnerable wheat varieties, and the heightened prevalence of pathogens [14].
Changes in the climate, which is the cause of the severe disease outbreak, may cause a sig-
nificant decrease in the nutritional value of grain as evidenced by the emergence of red and
black smudge characteristics [15,16], as well as in core weight, the grains number per head,
and the overall biomass [17,18]. The overwinters in wheat residue in the field, agricultural
techniques, a single culture, vulnerable varieties, and ecological farming are also linked to
a rise in yield decreases [19,20]. As compared to other agricultural crops, environmental
variables (lack of rainfall, poor soil, rising temperatures, and rising CO2) may decrease the
production of wheat [21] as well as biological factors like diseases [22]. Cultivar mixes,
rotated crops, and each stage of tillage are examples of field or agricultural management
techniques that are effective in preventing disease-related harm [23]. Nevertheless, their
ongoing usage may be hindered by the associated financial drawbacks, particularly for
tiny farms, but extensive fungicide treatments are not sustainable and might lead to a high
rate of disease development [24]. Sustainable control of pests is one of the primary aims of
the European Commission, which is achieved when all farmers and other expert pesticide
consumers follow Integrated Pest Management (IPM), a sustainable pest management
system that emphasizes alternative methods of control over chemical ones and places a
strong emphasis on pest prevention, using chemical pesticides only as necessary [25].

In this study, we focused on the interaction of interplay between plant density, sowing
timing, and tan spot disease occurrence in spring wheat. Through a comprehensive
examination of different combinations of plant densities and sowing dates, we aim to
elucidate the complex dynamics underlying disease development and provide valuable
insights into agronomic practices that can mitigate tan spot damage and enhance wheat
productivity in diverse agroecosystems.

2. Materials and Methods
2.1. Experimental Design

Multifactor field experiments were carried out at the experimental fields of the Institute
of Agriculture of Lithuanian Research Centre for Agriculture and Forestry in 2021–2023 in
the Kėdainiai district of central Lithuania. The trials were established in the spring wheat
cv. ‘Flippen’. Spring wheat was planted following winter rape in 2021, after winter rye in
2022, and after winter wheat in 2023. Recommended agronomic practices were followed,
including the application of fertilizer, insecticides, herbicides, and growth regulators but
not including fungicides. Three seeding rates (400, 500, and 600 viable seeds m−2) and
three sowing times, early, optimal, and late were tested. Early sowing is defined as before
20 April, optimal sowing is from 24 April to 4 May, and late sowing is from 8 to 19 May.
Specifically, the sowing dates in 2021 were 15 April for early sowing, 29 April for optimal
sowing, and 12 May for late sowing. In 2022, the sowing dates were 13 April for early
sowing, 29 April for optimal sowing, and 11 May for late sowing. For 2023, the sowing
dates were 20 April for early sowing, 4 May for optimal sowing, and 19 May for late
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sowing. The sowing was carried out with the Wintersteiger (Vienna, Austria) plot drill.
The experiment was laid out in a completely randomized design with four replications.
The dimensions of the plot were 10 m × 1.5 m (15 m2), and the replicate spacing was 2 m.
In addition, the plots were separated by a distance of 0.25 m.

2.2. Meteorological Data

The Dotnuva weather station closest to the fields (at a distance of 2 km) provided
the meteorological data. It belongs to the Lithuanian Hydrometeorological Service. Air
temperature and precipitation in the growing season (from April to August) of 2021–2023
were recorded and compared to the standard climate norm (SCN) of the average of the years
1991–2020. Precipitation and temperature conditions were also evaluated between BBCH
growth phases from one end to the beginning of the next. Figure 1 displays temperature
and precipitation trends for the growth seasons of 2021, 2022, and 2023, compared to the
1991–2020 climate norm. From 1991 to 2020, the average annual air temperature was 7.5 ◦C,
and annual precipitation was 566 mm, with July being the warmest and wettest month [26].
In 2021, the April–August temperature was 0.7 ◦C above average, and precipitation was
16% higher than the norm, though with uneven distribution. The last frost was recorded
on 9 May. April and May were colder than usual, while June and July were significantly
warmer. In 2022, temperatures were near normal, but precipitation was 49% above the
norm, with July being particularly rainy. The last frost occurred on 24 May. In 2023,
temperatures were 0.6 ◦C above average, and precipitation was 24% below normal. The
frost season lasted until 6 June, causing delays in sowing and early droughts due to low
precipitation in the early months.
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Figure 1. The average air temperature (light lines) and total precipitation (light bars) for each decade
of the vegetation season in 2021, 2022, and 2023, compared to the 1991–2020 standard climate norm
(SCN, average of 1991–2020, dark lines for temperature and dark bars for precipitation). The labels
‘4.I’, ‘4.II’, and ‘4.III’ represent the first, second, and third ten-day periods of April, respectively. This
pattern continues similarly for May (5), June (6), July (7), and August (8). Figure modified and
supplemented based on Almogdad et al. [26].
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2.3. Severity of Tan Spot

The foliar disease inventory was carried out by inspecting the plants during the
development phases (BBCH) from 31 to 32 (stem elongation beginning), from 37 (flag
leaf just visible, still rolled) to 41 (early boot stage), from 59 (end of heading) to 65 (full
flowering), and at 75 (medium milk) according to the methods described in the European
and Mediterranean Plant Protection Organization (EPPO) standard (PP 1/26(4), 2012) [27].
Then, the averages of each sowing time and each seed rate were calculated. Table 1 shows
the dates of each assessment in line with the growth stages, several days between sowing
time and assessment, and the differences in days between the sowing timings. On all
10 chosen at random main tillers in each plot, the area of infected foliage was visually
evaluated on every one of the green leaves and recorded separately as the mean for each
leaf level according to the recommended scale (Figure 2). Disease severity was calculated
according to the following formula presented by Dabkevičius and Gaurilčikienė [28]:

R =
∑(a × b)

N
(1)

where R—disease severity (affected leaf area) in %; ∑(a × b)—the sum of the products of the
percentage leaf area affected by the disease (a) and the number of affected leaves in the cor-
responding percentage group (b); and N—the total number of healthy and diseased leaves.
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Figure 2. Pyrenophora tritici-repentis on spring wheat, percentage of leaf area affected [29].

Table 1. Assessment dates and time differences (in days) from sowing for each stage.

Years Stages
Date of Stage Days after Seeding Difference, Days

1st
Sowing

2nd
Sowing

3rd
Sowing

1st
Sowing

2nd
Sowing

3rd
Sowing

1st–2nd
Sowing

1st–3rd
Sowing

2021

Sowing day 15 April 29 April 12 May - - - 14 27
BBCH 31–32 09 June 13 June 21 June 55 45 40 4 12
BBCH 37–41 18 June 22 June 25 June 64 54 44 4 7
BBCH 59–65 25 June 30 June 08 July 71 62 57 5 13

BBCH 75 13 July 16 July 22 July 89 78 71 3 9
Harvest day 13 August 13 August 13 August 120 106 93 0 0

2022

Sowing day 13 April 29 April 11 May - - - 16 28
BBCH 31–32 03 June 10 June 20 June 51 42 40 7 17
BBCH 37–41 17 June 26 June 30 June 65 58 50 9 13
BBCH 59–65 30 June 05 July 15 July 78 67 65 5 15

BBCH 75 14 July 21 July 26 July 92 83 76 7 12
Harvest day 17 August 19 August 25 August 126 112 106 2 8
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Table 1. Cont.

Years Stages
Date of Stage Days after Seeding Difference, Days

1st
Sowing

2nd
Sowing

3rd
Sowing

1st
Sowing

2nd
Sowing

3rd
Sowing

1st–2nd
Sowing

1st–3rd
Sowing

2023

Sowing day 20 April 04 May 19 May - - - 14 29
BBCH 31–32 07 June 15 June 21 June 48 42 33 8 14
BBCH 37–41 15 June 21 June 30 June 56 48 42 6 15
BBCH 59–65 25 June 30 June 10 July 66 57 52 5 15

BBCH 75 14 July 21 July 29 July 85 78 71 7 15
Harvest day 23 August 23 August 23 August 125 111 96 0 0

During each growing season, using a method developed by Simko and Piepho [30],
the area under the disease progress curve (AUDPC) was employed to measure the tan spot
disease. This regular approach made it possible to quantify disease severity consistently and
accurately over the growing seasons, which allowed for insightful treatment comparisons.
The formula for AUDPC is as follows:

AUDPC = ∑n−1
i=1 (yi + yi+1)/2 × (ti+1 − ti) (2)

where n—the whole number of examinations; yi—the severity degree of disease (%) at the
ith examination; and ti—days at the ith examination.

2.4. Statistical Analysis

SAS statistical package 9.4 was used for collecting and statistically analyzing the row
results (SAS Institute Inc., Cary, NC, USA). A mixed-effects model was used to analyze the
data for the severity of tan spot disease. The year was treated as a random effect, and the
seeding rate and planting time were fixed factors. The Kolmogorov–Smirnov Test was used
to check the data for homogeneity before analysis. The disease severity data were analyzed
by applying Duncan’s multiple range test with a significance level set at p ≤ 0.05 for each
sowing period or seed rate separately.

3. Results
3.1. The Effect of Planting Time and Seeding Density on Tan Spot Intensity

Figure 3 presents the analysis of planting time and seeding density effects on tan spot
intensity in spring wheat from 2021 to 2023. In 2021, tan spot intensity varied from 26.25 to
61.65. Late sowing consistently resulted in the lowest intensity across different seed rates,
while early sowing showed the highest severity. Differences between early and optimal
sowing times were not significant at any seed rate. In 2022, tan spot intensity was highest
for initial and ideal planting times for all seeding densities, ranging from 57.19 to 58.75.
Late sowing showed significantly lower intensity. There were no notable differences among
the various seeding densities at any sowing time. It was observed that in 2022, the severity
of tan spots is very similar in the early and optimal sowing fields, whereas in other years,
it is lower in the optimal sowing fields (Figure 3). Additionally, the values for the latest
sowing in 2022 are higher than in 2021 and 2023. This may be related to the very rainy start
of the growing season in 2022 for the early and optimal sowings. From sowing until the
BBCH 37–41 phase, precipitation was 83–223% higher than the SCN (Table 2), although
the temperature was close to normal or up to 1.8 ◦C lower than normal. In other years,
precipitation and temperature during the early and optimal sowing times did not exhibit
such extremes. In 2023, tan spot intensity ranged from 46.88 to 70.63, with higher rates
observed in optimal and late sowing times. This indicates a potential disadvantage of
early sowing. For early sowing, a seed rate of 600 seeds per m2 resulted in lower tan spot
intensity. Across all years, higher seed rates (500 and 600 seeds per m2) generally resulted
in lower tan spot intensity compared to the lower seed rate (400 seeds per m2). Significant
differences in tan spot intensity were observed across seed rates at all sowing times.
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Table 2. Mean air temperature (◦C), fluctuation from the long-term mean (◦C) among growing phases,
quantity of rainfall (mm), and fluctuation from the long-term mean (%) between various growth
stages of spring wheat for the years 2021, 2022, and 2023. Data are presented from the end of one
BBCH phase to the beginning of the next and categorized by three different sowing times.

Years From To Parameter * 1st—Sowing 2nd—Sowing 3rd—Sowing

2021

Sowing day BBCH 31–32
Prec. (deviation) 111 mm (65%) 114 mm (77%) 76 mm (19%)

Temp. (deviation) 11.3 ◦C (−1.0 ◦C) 13.0 ◦C (−0.7 ◦C) 15.5 ◦C (0.7 ◦C)

BBCH 31–32 BBCH 37–41
Prec. (deviation) 8 mm (−53%) 1 mm (−93%) 18 mm (29%)

Temp. (deviation) 17.4 ◦C (1.1 ◦C) 19.5 ◦C (3.4 ◦C) 24.5 ◦C (8.2 ◦C)

BBCH 37–41 BBCH 59–65
Prec. (deviation) 18 mm (−4%) 22 mm (7%) 4 mm (−88%)

Temp. (deviation) 23.7 ◦C (7.4 ◦C) 21.8 ◦C (5.2 ◦C) 21.6 ◦C (4.2 ◦C)

BBCH 59–65 BBCH 75
Prec. (deviation) 13 mm (−72%) 11 mm (−77%) 15 mm (−56%)

Temp. (deviation) 22.5 ◦C (4.9 ◦C) 23.8 ◦C (5.7 ◦C) 24.2 ◦C (5.8 ◦C)

BBCH 75 Harvest day Prec. (deviation) 70 mm (−4%) 69 mm (4%) 64 mm (20%)
Temp. (deviation) 20.4 ◦C (1.5 ◦C) 19.9 ◦C (−0.9 ◦C) 19.1 ◦C (−0.1 ◦C)
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Table 2. Cont.

Years From To Parameter * 1st—Sowing 2nd—Sowing 3rd—Sowing

2022

Sowing day BBCH 31–32
Prec. (deviation) 140 mm (126%) 107 mm (83%) 176 mm (177%)

Temp. (deviation) 9.8 ◦C (−1.8 ◦C) 11.6 ◦C (−1.8 ◦C) 13.6 ◦C (−1.2 ◦C)

BBCH 31–32 BBCH 37–41
Prec. (deviation) 72 mm (219%) 121 mm (223%) 52 mm (112%)

Temp. (deviation) 16.3 ◦C (0.1 ◦C) 16.5 ◦C (0.2 ◦C) 19.9 ◦C (3.3 ◦C)

BBCH 37–41 BBCH 59–65
Prec. (deviation) 54 mm (80%) 4 mm (−86%) 45 mm (4%)

Temp. (deviation) 18.9 ◦C (2.5 ◦C) 23.0 ◦C (5.8 ◦C) 18.6 ◦C (0.6 ◦C)

BBCH 59–65 BBCH 75
Prec. (deviation) 45 mm (9%) 54 mm (39%) 26 mm (3%)

Temp. (deviation) 18.6 ◦C (0.6 ◦C) 16.3 ◦C (−2.1 ◦C) 18.0 ◦C (−0.6 ◦C)

BBCH 75 Harvest day Prec. (deviation) 94 mm (17%) 85 mm (27%) 68 mm (−1%)
Temp. (deviation) 18.7 ◦C (−0.2 ◦C) 19.6 ◦C (0.7 ◦C) 20.1 ◦C (1.5 ◦C)

2023

Sowing day BBCH 31–32
Prec. (deviation) 18 mm (−69%) 14 mm (−79%) 18 mm (−65%)

Temp. (deviation) 12.1 ◦C (−0.5 ◦C) 13.8 ◦C (−0.3 ◦C) 16.0 ◦C (0.7 ◦C)

BBCH 31–32 BBCH 37–41
Prec. (deviation) 0 mm (−100%) 14 mm (36%) 15 mm (−33%)

Temp. (deviation) 17.5 ◦C (0.9 ◦C) 19.7 ◦C (3.7 ◦C) 19.1 ◦C (2.5 ◦C)

BBCH 37–41 BBCH 59–65
Prec. (deviation) 15 mm (−38%) 15 mm (−33%) 21 mm (−31%)

Temp. (deviation) 20.0 ◦C (3.9 ◦C) 19.1 ◦C (2.5 ◦C) 17.5 ◦C (−0.3 ◦C)

BBCH 59–65 BBCH 75
Prec. (deviation) 35 mm (−30%) 29 mm (−50%) 27 mm (−43%)

Temp. (deviation) 17.8 ◦C (0.1 ◦C) 18.1 ◦C (0 ◦C) 17.9 ◦C (−0.9 ◦C)

BBCH 75 Harvest day Prec. (deviation) 68 mm (−27%) 60 mm (−22%) 40 mm (−28%)
Temp. (deviation) 19.2 ◦C (0.5 ◦C) 19.2 ◦C (0.5 ◦C) 20.0 ◦C (1.4 ◦C)

* Prec.—total amount of rainfall; Temp.—mean air temperature.

3.2. Evaluation of the Area under the Disease Progress Curve (AUDPC) in Relation to Planting
Times and Seed Rates during Each Year of Study

Figure 4 illustrates the epidemic development of the foliar pathogen (tan spot). The
field experiments revealed that the later planting time for all seed densities recorded a high
tan spot intensity which was significant (p ≤ 0.05) and differed statistically from the other
two earlier sowing times investigated in this research. The AUDPC values between the
growing seasons of 2021 and 2022 revealed a similar trend. In 2021, the AUDPC values
were significantly higher for late sowing times than for early times, with 600 plants per m2,
and the early sowing time had a higher AUDPC level than the optimal sowing time. The air
temperature in 2021 during BBCH 37–41 growth phases was exceptionally high in the latest
sowing and exceeded normal values by as much as 8 ◦C, while precipitation was nearly a
third higher than the SCN. Therefore, such high AUDPC values in the latest sowing may be
related to the very warm and wet conditions, whereas fields sown earlier experienced much
drier and cooler conditions during the mentioned growth phase (Table 2). Particularly
warm conditions were observed from the second half of June to the second half of July
(Figure 2). Conversely, in 2022, AUDPC values showed no significant differences between
the earliest and ideal planting times for all seeding rates. Due to the very rainy period
from the third decade of May to the second decade of June (Figure 2), the fields of all
three sowing times experienced significantly wetter conditions than usual, although the
temperature did not show extreme deviations from the average for that period. Evaluating
the meteorological conditions across all sowing fields, there were no particularly large
air temperature anomalies throughout the season (except for the optimal sowing field
during the BBCH 59–65 phase which was 5.8 ◦C warmer than usual). The particularly wet
periods may be associated with the higher AUDPC value in 2022 compared to 2023. By
and large, in 2023, the AUDPC values were lower than in 2021 and 2022. The AUDPC
at the early sowing time was significantly lower than optimal and late sowing times at
sowing date three within all seed rates. On average, 2023 exhibited the smallest anomalies
in air temperature, particularly in precipitation. Throughout the growing season, spanning
from late March to mid-August, only one decade had precipitation exceeding the norm
(Figure 2), and this was observed only at the end of the growth season. Although the lack of
rainfall led to a severe drought from 15 to 28 June, the moisture deficit and relatively minor
temperature extremes may be related to the lowest AUDPC values across the three analyzed
years (Figure 4). It appears that the record-long frosts in 2023 did not affect plant condition
and the AUDPC values, even though the sowing that year was the latest across all three
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fields compared to 2021 and 2022 (Table 1). It can be assumed that, despite the risk of
drought impact, drier years may be less favorable for disease spread.
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Although the time differences (in days) between sowing dates in different years are
not significant (the difference between the first and second sowing times was 14–16 days,
between the second and third sowing times was 12–15 days, and between the first and
third sowing times was 27–29 days in different years). This could be attributed to the
late sowing, which occurred between 11 and 19 May over the three years of the study,
as warmer conditions prevailed during this time compared to usual conditions. Table 2
presents a detailed analysis of precipitation levels, with variance from the long-term mean
as well as the mean air temperature fluctuation across various development phases.

3.3. The Interactions between Year, Sowing Time, and Seed Rate

Table 3 shows the impact of the season, seeding rate, and sowing date on the AUDPC.
Our results reveal significant insights into how these factors interplay to affect the AUDPC.
Specifically, in 2023, the AUDPC was lower than that in 2021 and 2022 when averaged across
sowing dates and seeding rates. This indicates a year-specific effect on disease progression,
highlighting the importance of considering annual variations in disease management
strategies. The percentage of AUDPC was significantly higher in the late sowing time
(324.58%), with about a 2-fold difference compared with the early (167.48%) and optimal
sowing times (191.80%). This suggests that delayed sowing significantly exacerbates
disease occurrence, likely due to the extended exposure to disease conditions during the
prolonged growing season. However, it is crucial to note that the effect of the highest
seed rate (600 plants per m2) resulted in an increase in the percentage of the AUDPC
(250.13%) compared to the lower seed rates, and the differences were not significant. The
combined effect of sowing time and year on the AUDPC was notably significant. For
instance, in 2021 the AUDPC for late sowing reached 450.16%, which was considerably
higher compared to other sowing times. This finding underscores the critical impact of
sowing time on disease severity and its interaction with specific years. In contrast, the
interaction between seed rate and year did not exhibit a significant effect on the AUDPC,
suggesting that while sowing time is a more influential factor, seed density alone has a
more stable influence across years. These findings demonstrate the complex interaction
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between plant density, sowing timing, and disease intensity. While late sowing may result
in lower disease intensity in specific years, longer disease exposure times are generally
linked to higher disease severity over time. As a result, even though early and ideal sowing
dates typically reduce the risk of disease and produce better results, the ideal sowing date
must be balanced with the requirement for enough spring wheat foliage for optimum grain
output. Developing efficient management plans and maximizing crop yield and disease
control require a sophisticated understanding of the relationships between sowing time,
plant density, and disease occurrence.

Table 3. The interplay between the intensity of tan spot disease and the year, sowing date, and rate
of seeds in spring wheat in 2021–2023 growing seasons: main and interaction effects (means and
p-values).

Factor Category AUDPC

Year 2021 254.85 ± 100.80 b
2022 248.21 ± 75.42 b
2023 180.80 ± 79.84 a

Sowing time Early 167.48 ± 67.66 a
Optimal 191.80 ± 36.00 a

Late 324.58 ± 71.37 b
Seed rate 400 206.15 ± 87.30 a

500 227.58 ± 89.42 a
600 250.13 ± 95.21 a

ANOVA p-values Year <0.0001
Sowing time <0.0001

Seed rate <0.0001
Year × sowing time <0.0001

Year × seed rate 0.1102
Sowing time × seed rate 0.3615

Year × sowing time × seed rate 0.3227
Note: Within every characteristic and variable, averages that have a similar symbol are not significantly varied at
p ≤ 0.05.

4. Discussion

The study’s findings indicate that the severity of tan spot disease in this research
was significantly influenced by the year and sowing timing. These results are in line with
earlier studies that have shown the significant effects of seed rate [31], sowing time [32–34],
and year [35] on the frequency of plant diseases. Variations in environmental factors,
like temperature and rainfall patterns, can affect how well pathogens survive and the
development of the disease, which is why tan spot severity varies from year to year in
our study [36–39]. We found that the years marked by three distinct ten-day periods of
extremely rainy weather during the growing season (2022) exhibited the highest disease
prevalence. Conversely, the years with below-average precipitation and recorded drought
(2023) showed the lowest disease spread. Early planting resulted in significantly higher
disease severity than late and optimal sowing dates. That might be the result of prolonged
exposure to environmental factors that encourage the spread of pathogens. Sohi et al. [40]
have not supported similar findings, reporting that the disease severity increased with a
delay in the sowing date [41], indicating that rust severity increased with a later planting
date. According to Kumar et al. [42], barley did not have any disease during the early
sowing crop, but the disease did surface during the late sowing crop.

In contrast to what we expected, there was very little effect of seed rate on the sever-
ity of tan spots, which is in disagreement with other research studies. According to
Pande et al. [43], there was a significant variation in the intensity of rust and late leaf spots
at higher crop densities compared to lower densities. Schaafsma et al. [31] discovered
that fusarium head blight (FHB) in winter wheat was influenced by seeding rates. Unlike
FHB, which can be influenced by high plant density through increased humidity and
canopy closure, tan spot severity in our research did not show a consistent effect of seeding
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rate on the AUDPC across all years. It may be due to the different nature of the diseases
and the specific dynamics associated with each pathogen. Overall, our study aligns with
the notion that seeding rate can influence disease severity, but the effects are not always
straightforward and can vary depending on the specific disease and context. According to
Chang et al. [44], plant density and chickpea blight severity had a positive linear association.
Jurke et al. [45] showed that canola’s incidence of the sclerotinia stem rot disease increased
significantly with an increase in sowing rate. Although higher seed rates have been linked
to greater disease severity in several crops, our findings showed that, within the range
under investigation, seed rate variations could not significantly affect the development of
tan spots given the current circumstances.

The differences in the AUDPC between variant sowing times and seed rates bring
attention to the complicated relationship that exists between pathogen biology, crop growth
stage, and meteorological conditions in the development of disease. Plants that are sown
later tend to be in a more sensitive growth stage during the height of pathogen activity,
which makes them more susceptible to being infected. This effect has been studied in several
plant–pathogen relationships. The growth stage and environmental factors typically affect
a plant’s sensitivity to infection [46,47]. A pathogen’s survival and development, as well as
a host plant’s growth, can all be significantly impacted by environmental conditions. The
same plant may become resistant to these changing environmental factors or completely
sensitive to them, and the pathogen may become very slightly pathogenic or capable
of causing quite serious damage [38]. Crops grown later in the growing season may be
affected by unfavorable weather conditions, like higher humidity, which helps the growth
and dissemination of diseases. Higher relative air humidity, according to Cheng et al. [48],
enhances the activity of genes necessary for fatty acid (such as jasmonic acid) production
and transduction. Those fatty acids play an essential role in plants’ defense mechanisms
against pests and diseases [49]. Despite observed variations in 2021, the AUDPC levels did
not significantly differ among the initial optimal sowing dates in 2022. This shows that
variability in pathogen populations and environmental factors from year to year affects
the dynamics of disease. Our findings are in line with Velásquez et al. [36] who reported
that the pathogen reproduction process, pathogen growth, the severity of gene expression
in plants, and the overwintering of inocula—which is essential for starting infections
in upcoming growing seasons—all seem to be significantly impacted by environmental
factors. Burdon et al. [50] found that the incidence and severity of disease in plants found
in natural ecosystems and crops grown in agriculture are both being affected by variations
in the climate. When the environmental conditions in 2023 became less favorable for
the development of tan spots, the severity of the disease started to decline. Unfavorable
weather patterns may be one of the causes contributing to the 2023 AUDPC values being
lower than in other study years. This is consistent with the findings of Semaskiene et al. [51],
who expected that the disease severity started to rise at the heading in both inoculated
and non-inoculated plots in the year when the weather became more favorable for the
development of tan spots compared to other years.

5. Conclusions

The study demonstrates that the sowing time of spring wheat significantly influences
tan spot intensity and severity in wheat. Across the years of 2021 to 2023, late sowing
consistently decreased tan spot intensity and increased the AUDPC values compared to
early and optimal sowing times. However, it is crucial to acknowledge that spring wheat
requires a prolonged vegetation period to achieve optimal grain yield. Therefore, while late
sowing may reduce disease prevalence, it is not recommended as a general practice due to
the potential negative impact on overall yield. Future research should focus on developing
integrated disease management strategies that consider optimal sowing times and envi-
ronmental conditions to balance disease control and yield optimization. The AUDPC of
the tan spot in all seed rates was the highest in the late sowing time plots in comparison
to the ideal and initial planting date plots. Considering the fluctuations in environmental
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factors such as temperature and precipitation during the year of the study, our results
showed that different seeding rates did not significantly affect the development of tan spots.
However, in 2022, when it was exceptionally rainy, more tan spots were recorded compared
to dry years in all seeding rates and sowings times. Therefore, optimizing sowing times is
essential for minimizing tan spot severity and improving crop health.
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