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ABSTRACT. Nitrogen (N) fertilization is a common practice to increase grain yield worldwide. This study
aimed to determine the effects of three N rates (70, 130, and 200 kg ha!, referred to as low, recommended,
and high, respectively) and a pre-mix fungicide (bixafen + prothioconazole + trifloxystrobin) on the disease
intensity and grain yield of 2 early-maturing wheat cultivars named as TBIO Audaz and TBIO Tibagi. Two
field experiments were conducted during the 2019 and 2020 growing seasons using the split—split plot
design. Tan spot, powdery mildew, leaf rust, and Fusarium head blight (FHB) were the primary diseases
observed. The recommended and high N rates reduced the area under the disease progress curve (AUDPC)
for tan spot. However, the AUDPC for powdery mildew increased with high N for both cultivars, but N rates
did not affect leaf rust or FHB. The use of early maturing wheat cultivars did not prevent the occurrence of
FHB damage, except on plants from cultivar TBIO Audaz known to be moderately resistant. When combined
with N fertilization, fungicide application reduced the AUDPC for tan spot, powdery mildew, leaf rust, and
FHB by 31, 33, 75, and 40%, respectively, compared to the non-treated control. The cultivar x fungicide and
cultivar x N interactions were significant (p < 0.05) for AUDPCs and yield variables. Both the recommended
and high N rates similarly increased the yield, health area duration, and tan spot control at the same level
compared to the low N rate. These findings combined with economic and cost-efficiency analyses suggest
that using a moderately resistant cultivar with recommended N rates help to maintain adequate N use
efficiency and economic returns to growers.
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Introduction'

Wheat (Triticum aestivum L.) is one of the most important crops and is the most consumed cereal
worldwide. However, several diseases and pests are estimated to reduce yields by 21.5% globally, threatening
food security (Savary et al., 2019). In Brazil, the southern region is the most important for wheat production,
with the state of Rio Grande do Sul being the second largest producer, accounting for 36% of total Brazilian
production (Companhia Nacional de Abastecimento [CONAB], 2021a). However, the weather conditions in
southern Brazil are often highly favorable for certain diseases that affect wheat (Del Ponte et al., 2009). The
main leaf diseases include tan spot (Pyrenophora tritici-repentis (Died.) Drechs.), powdery mildew (Blumeria
graminis (DC.) f. sp. tritici), yellow (stripe) rust (Puccinia striiformis West.), and leaf rust (P. triticina Eriks. (=P.
recondita Rob. Ex Desm. f. sp. tritici Eriks & Henn.). Additionally, Fusarium head blight (FHB), caused by the
Fusarium graminearum species complex, affects wheat from anthesis to the late stages of grain development
(Del Ponte et al., 2007), while wheat blast (Magnaporthe oryzae Triticum pathotype) primarily infects wheat
spikes (Cruz et al., 2015; Debona et al., 2012), although it is less common in Rio Grande do Sul State, Brazil.

The prevalence of pathogens causing leaf spots varies with weather conditions, such as rainfall and daily
temperature ranges, as well as the disease resistance levels of wheat genotypes (Fernandez et al., 2016). The
use of resistant genotypes is the most important and economic method for reducing yield losses due to the
occurrence of disease (Faris et al., 2012). Additionally, the use of early maturing cultivars helps to avoid spike
diseases that occur at maturity and enables the cultivation of more than one crop per season (Gilbert & Haber,
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2013). In Brazil, only cultivars with moderate resistance are available to manage tan spot, FHB, and wheat
blast, but resistant cultivars are available to manage powdery mildew and rusts (Bertagnolli et al., 2019;
Dorneles et al., 2018; Pazdiora et al., 2018; Reunido da Comissao Brasileira de Pesquisa de Trigo e Triticale,
2018). Fungicide applications are often used to mitigate yield losses caused by the different wheat diseases
(Fleitas et al., 2018; MacLean et al., 2018; Reuniao da Comissao Brasileira de Pesquisa de Trigo e Triticale,
2018). Similarly, reducing disease epidemics depends on both effectiveness of fungicides and the resistance
levels of the cultivar (Ruske et al., 2003).

In general, cultivating susceptible cultivars under weather conditions optimal for infection of pathogen
increases the risk of disease outbreak and the need of using fungicides sprays. For wheat, strategies to protect
the flag leaves and delay their senescence are crucial for ensuring a high grain yield considering that flag leaf
is the primary contributor to grain development and filling (Blandino & Reyneri, 2009). However, under
conditions favorable to disease (e.g., monoculture, no-till practices and use of susceptible cultivars), tan spot
may occur before tillering, requiring earlier fungicide application to delay production of secondary inoculum, which
can infect the flag leaves. On the other hand, diseases, such as FHB and blast, which mainly affect wheat spikes, pose
challenges for fungicide application. For instance, the efficacy of chemical control against FHB has been reported to
be as low as 50-60%, often proving unsatisfactory disease control (Barro et al., 2021; Machado et al., 2017). This is
mainly due to the difficulty of delivering an adequate amount of fungicide to the biological target, due to a prolonged
flowering period and low product persistence on the surface of the flower organ (Reis et al., 1996).

Wheat fertilization is a strategy to reduce disease development, enhance fungicide efficiency, or decrease
its demand (Pazdiora et al., 2021). For example, nitrogen (N) fertilization has been shown to reduce tan spot
severity and increase the green leaf area in wheat plants (Castro et al., 2018; Fleitas et al., 2018; Schierenbeck
et al., 2019a; Simon et al., 2020). Moreover, the combination use of a pre-mix of fungicides from different
chemical groups (triazoles, strobilurins, and carboxamides) along with higher N rates has been found to
reduce disease progress and increase grain yield (Castro et al., 2018; Fleitas et al., 2018; Schierenbeck et al.,
2019b; Simén et al., 2020). However, the effect of N fertilization varies depending on the host-pathogen
interaction, N rates and its sources used, and wheat cultivars, resulting, therefore, in different yields (Mur et
al., 2017; Roman Ramos et al., 2024).

Fertilizers containing N are widely used globally to increase cereal yield. However, field studies examining
the effect of N fertilization’s effect on the N use efficiency (NUE) as well as the impact of other disease
management strategies, including the use of fungicide pre-mixes or early maturing wheat cultivars with
contrasting resistance, remain scarce. Therefore, the objective of this study was to investigate the effects of
altering the N fertilization rate, compared to the recommended dose, in combination with two applications
of a pre-mix fungicide (carboxamide + triazolinthione + strobilurin) on the disease intensity and grain yield
of two early maturing wheat cultivars with contrasting levels of disease susceptibility against diseases.

Material and methods

Field trials

Experiments were conducted in the field at the Centro Agropecuario da Palma (31°48'06.4" S 52°30'18.6"
W) belonging to the Universidade Federal de Pelotas, Pelotas, Rio Grande do Sul State, Brazil, during 2
consecutive growing seasons (2019 and 2020). Plots were established in an area previously sown in a wheat—
soybean succession system in 2018, allowing for the natural occurrence of diseases. Wheat seeds for the trial
plots were sown on July 11, 2019, and July 14, 2020, under a no-till system. Wheat seeds were sown in 9 rows,
with 0.17-m spacing between rows, using a plot seeder (Semeato, SHP model) at a seeding rate of 300 seeds
m™, aiming to achieve a plant density of approximately 275 plants m™2. The soil was classified as Argissoil
(Ultisol), with 658 g kg™ of sand, 241 g kg™! of clay, and 101 g kg™! of silt. The chemical characteristics of the
soil were as follows: 1.0 and 1.79% organic matter; 0.73 and 0.93 g kg™' N; 3.23 and 4.11 g kg"! NOs; 0.94 and
1.19 g kg™! NHy; 20 and 14 ppm phosphorus; 99 and 115 mg dm™ potassium; 1.7 and 1.8 cmol. dm™ calcium;
1.2 and 1.3 cmol. dm™ magnesium; 1 and 0.9 mg dm™ copper; 1.1 and 0.8 mg dm™ zinc; 12.7 and 21 mg dm?
manganese; and pHuzo 5.7 and 6, in 2019 and 2020 growing seasons, respectively.

Weather data, including daily rainfall, relative humidity, and minimum, maximum, and mean
temperatures, were recorded at the Pelotas weather station, located latitude 31°52'00" S and longitude
52°21'24" W at an altitude of 13.24 m.
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Experimental design and treatments

The experimental design followed a split—split plot arrangement with four replications. The main plots
consisted of plants that were either sprayed with fungicide or left non-sprayed. Sub-plots were wheat
cultivars (TBIO Audaz and TBIO Tibagi), while the sub-sub-plots represented the different N rates (lower N
rate: 70 kg ha™!, recommended N rate: 130 kg ha™!, and higher N rate: 200 kg ha™'). Each sub-sub-plot had an
area of 3 m? (2 m long x 1.5 m wide). Cultivars TBIO Audaz (Biotrigo®) and TBIO Tibagi (Biotrigo®) were chosen
based on their regional adaptability, similar anthesis, and maturity times but had contrasting levels of disease
resistance. The cultivar TBIO Audaz is considered more resistant to tan spot, powdery mildew, leaf rust, and
FHB than cultivar TBIO Tibagi.

A fertilizer was applied at sowing according to the soil test recommendations, ensuring optimal crop yield.
The fertilizer consisted of 40 kg ha™! phosphorus supplied as triple superphosphate and 30 kg ha™! potassium
supplied as potassium chloride. The N (granular urea, 45% N) was applied 15 days after sowing and again at
the tillering stage (ZGS23), with 50% of the rate for each treatment applied at each time point.

A pre-mix fungicide containing bixafen (125 g L!; carboxamide), prothioconazole (175 g L'!; triazolinthione),
and trifloxystrobin (150 g L}; strobirulin) (Fox Xpro®; Bayer CropScience) was applied at a rate of 0.5 L ha™ at both
the flag leaf stage (ZGS 39) and flowering stage (ZGS65) (Zadoks et al., 1974). The fungicide was applied using a
CO, pressure sprayer with four nozzles (TT]J60 11002; Teejet®) and delivering 200 L ha™'.

Experimental measurements

Disease assessments

The main diseases recorded during the two growing seasons were tan spot, powdery mildew, leaf rust, and
FHB. The disease incidence was determined by assessing a 1-m section along the centerline of each
experimental plot, counting both the total number of plants and those plants showing symptoms of each
disease. Disease severity was estimated using the midpoint of the Horsfall-Barratt scale (Horsfall & Barratt
1945) and expressed as a percentage of the leaf area showing disease symptoms. This estimation was based
on observations on the third and fourth leaves as well as on the flag leaf of 10 plants per plot from the stem
elongation stage (ZGS30) to the hard dough stage (ZGS87). The leaf rust severity was specifically assessed on
the flag leaf, using Cobb’s scale as modified by Peterson et al. (1948), from the flowering stage (ZGS65) to the
hard dough stage (ZGS87). For FHB severity, 20 randomly selected spikes were assessed from each plot during
the same stages. The FHB severity, expressed as the proportion of bleached spikes, was determined as the
average disease severity (%) of 20 spikes per plot using the scale described by Stack and McMullen (2011). For
each disease, the area under the disease progress curve (AUDPC) was calculated to summarize the disease
progress over time, according to Shaner and Finney (1977).

Healthy area duration (HAD)

The leaf area of the fourth and flag leaves was estimated at ZGS39, ZGS60, and ZGS80 growth stagesand
calculated by multiplying the length x width x 0.835 (Miralles & Slafer, 1990). In each experimental plot, the
number of plants per square meter was counted to calculate the leaf area index (LAI). This was done by
multiplying the total leaf area per shoot by the number of plants per square meter, then dividing by the area
used for plants per square meter. The LAI was used to estimate the HAD using the following equation:

n-1
HAD = § - [LAIt; (1 — X;) + LAL 1 (1 — Xi40)]/2(641 — &)
i=

where n is the number of evaluations, Xi is severity proportion, LAI is the leaf area per m?, and (t;.; - t;) is the
interval between two consecutive assessments (Waggoner & Berger 1987).

Determination of foliar N concentration

Leaf samples were collected at the ZGS60 growth stage from the central rows of all plots. The samples were
dried at 60°C for 72h and then ground using an R-TE-350 mill. A subsample of 1 g was used to determine the
plant N level (PNL, g kg™!) using the micro-Kjeldahl method (Bremner & Mulvaney, 1982). Grain samples were
also ground using a mill (R-TE-350, Tecnal) to determine the total N per grain (TNG; g kg™'), also following
the micro-Kjeldahl method (Bremner & Mulvaney, 1982).
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Yield determinations

Wheat was harvested from 5 central rows, each 1 m in length (totaling 1 m?), from each plot. The harvested
samples were threshed using a mechanical grain thresher (EDA, model TR, Parcela). The samples were air
dried for approximately 48h and then cleaned. The grain moisture content of a representative subsample was
measured with a moisture tester (AgraTronix, MT-PRO). The grain yield (kg ha!) was estimated after
harvesting the useful area of each plot and adjusted to a 13% moisture content. The 1000-kernel weight (TKW;
g) was measured by counting 250 grains in quadruplicate from each plot sample, which were then weighed on
an analytical balance accurate to 0.001 g (Shimadzu model BL 3200H). The test weight (TW; kg hL!) was
determined using a Dallemolle type 40 hectoliter balance in accordance with the Method 55-10.01 (American
Association of Cereal Chemists, 2010).

Economic analysis

The economic analysis of the treatments was conducted using the dominance analysis technique outlined
by Perrin et al. (1979). Production costs were based on CONAB (2021b) and included both fixed and variable
costs. Fixed costs encompassed transportation, pre-harvest and harvest machinery, labor, land, technical
assistance, and sprays. Variable costs included seeds, fungicides, fertilizers, and other agrochemicals. These
variable costs were adjusted according to treatment-specific prices obtained from local sellers. Additional
variable production cost revenues were calculated using data from the AGROLINK database for three wheat-
producing states (Rio Grande do Sul, Parana, and Santa Catarina States) from November 2019 to 2020
(AGROLINK, 2021a). Variable costs and wheat prices were converted into USD based on the November 2020
exchange rate (BRL 5.33 = USD 1), which was obtained from http://es.investing.com. The wheat price was
considered to be USD 14.47 per 60 kg (AGROLINK, 2021b).

A partial budget was estimated for each treatment based on yield, adjusted yield efficiency (90%), total
variable costs, gross income, and net profit (Table S1, see the Supplementary material through the link in the
topic data availability).

For dominance analysis, treatments were ranked according to their total variable costs, from lowest to
highest. Non-dominated treatments provided a greater net benefit compared to the immediately preceding
treatment. The non-dominated treatments were compared and the marginal costs were calculated as the
difference between the highest variable cost and the variable cost of the previous treatment. Additionally, the
marginal net benefit was calculated as the difference between the net benefit of the current treatment and
that of the preceding one. Finally, the marginal return was calculated as the ratio of the marginal net benefit
to the marginal variable cost, expressed as a percentage. The treatment with the highest marginal return
percentage was considered the most economically viable (Table S2-Supplementary Material).

Calculation of nitrogen use efficiency (NUE)

The NUE was calculated according to Meena et al. (2016) using the following equation:

Nit fic NUE) = YieldF (kg) — YieldC (kg)
itrogen use efficiency ( ) = Quantity of nutrietapplied (kg)

where F and C represents plants receiving and not receiving fertilizer, respectively. The NUE for each
treatment was used to calculate the cost-efficiency index (Table S3-Supplementary Material).

Cost-efficiency index

It was determined as the ratio between the NUE and the variable costs of each treatment (Sermero et al.,
2001). For this calculation, the treatments were ranked in descending order of the NUE. Based on the variable
costs, the lower-cost treatments were classified as non-dominated. The treatment with the lowest rate was
considered the most efficient.

Data analyses

Data analyses were performed with mixed effects linear models using the ‘Imer’ function of the Ime4 and
ImerTest packages in R version 4.0.4. (RStudio, 2021). Data from each year were analyzed separately.
Fungicide, cultivar, and N treatment were considered fixed factors, while blocks, the nesting of plots within
blocks, and subplots within plots were considered random factors. Assumptions were verified graphically by
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plotting fitted values versus residuals to assess the homogeneity of variances, and normal Q-Q plots were used
to check the normality of the residuals. The residuals were also examined using the ‘simulateResiduals’
function of the DHARMa package. Fixed treatment effects were considered significant at p < 0.05. Estimated
marginal means were calculated using the ‘emmeans’ function of the emmeans package, and pairwise
comparisons were conducted with the Tukey test using the ‘cld’ function of the multcomp package. Economic
analysis was performed using Excel 2013 Microsoft®.

Results

Weather conditions during the growing season and disease development

Weather conditions varied between the years in terms of temperature, rainfall frequency, and amount. In 2019,
higher temperatures were recorded in late July and early August compared to the same period in 2020 (Figure 1A
and B). Consequently, diseases appeared earlier in 2019 growing season than in 2020 growing season. The primary
difference between these growing seasons was the rainfall amount and distribution. In 2019 growing season,
rainfall was frequent, with October being the wettest month. Tan spot was the main leaf spot observed during
tillering, with greater intensity after the flag leaf stage in 2019 growing season. However, in 2020 growing season,
tan spot was only observed just before the flag leaf stage and with lower intensity. In 2020, rainfall was 35% lower
than in 2019 growing season, with August being particularly dry, although precipitation increased in September.
As aresult, tan spot development was only observed after the flag leaf stage and during flowering (ZGS60). Powdery
mildew appeared simultaneously with tan spot and showed greater intensity during tillering in 2019 growing
season compared to 2020 growing season. Leaf rust was observed during flowering in 2019 growing season, while
it began at the flag leaf stage (ZGS39) in 2020, likely due to a slight decrease in temperature in 2020 compared to
2019 growing season. This effect was most pronounced in the susceptible cultivar (TBIO Tibagi). The FHB occurred
in both growing seasons, but in 2020 growing season, high amounts of rainfall during anthesis increased the
disease severity in the plants from the susceptible cultivar.
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Figure 1. Climatic conditions of Capao de Ledao municipality, Rio Grande do Sul State, Brazil. Rainfall (mm) and mean (Tmean),
maximum (Tmax), and minimum (Tmin) temperatures during the wheat plant growing stages of wheat in the two growing seasons

(2019 (A) and 2020 (B)). S = date of sowing; FF = date of the first fungicide spray on the flag leaf (ZGS39); SF = date of the second
fungicide spray at flowering (ZGS65).
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Effect of cultivar, fungicide, and N rate on the area under the disease progress curve

The diseases recorded in this study included tan spot, powdery mildew, leaf rust, and FHB. The cultivar factor
was significant (p < 0.05) for all AUDPCs, regardless of crop season. Fungicide application was significant (p < 0.05)
for the AUDPC of tan spot in 2019 growing season and all AUDPCs in 2020 growing season, except powdery mildew.
The N level was significant (p < 0.05) for tan spot and powdery mildew AUDPCs (Table 1). Some interactions among
factors were also significant, particularly in the 2020 growing season.

Table 1. Summary statistics from linear mixed model analyses of the effects of fungicide (FU), cultivar (C), nitrogen rate (NR), and their
interactions on area under the disease progress curve (AUDPC) of tan spot, powdery mildew, leaf rust, and Fusarium head blight (FHB)

in 2019 and 2020.

AUDPC . AUDPC AUDPC

Treatments Tan spot AUDPC Powdery mildew Leaf rust FHB
df Year F-value F-value F-value F-value
Cultivar (C) 1 2019 126.80* 20.39* 20.14* 16.02*
2020 203.39* 57.63* 302.89** 55.67*
Fungicide (FU) 1 2019 34.83* 2.79ns 8.21ns 6.20ns
2020 143.69* 41.27* 323.56%* 38.29%*
Nitrogen rate (NR) 2 2019 25.09** 20.60%* 0.29ns 0.51ns
2020 53.45%* 4.15% 0.35ns 1.70ns
CxFU 1 2019 8.13* 0.067ns 7.91ns 1.81ns
2020 17.89* 2.11ns 169.22%* 2.07ns
C x NR 2 2019 7.28%* 0.43ns 0.28ns 1.25ns
2020 5.732%* 0.43ns 1.41ns 2.44ns
FU x NR 2 2019 0.08ns 0.65ns 0.42ns 2.06ns
2020 6.21* 0.44ns 0.23ns 1.80ns
C xFU x NR 2 2019 0.15ns 2.75ns 0.68ns 0.261ns
2020 2.18ns 1.73ns 0.81ns 1.02ns

**p =0.001 highly significant; *p = 0.01 significant; ns p > 0.05 not significant; df = degree of freedom.

The cultivar TBIO Audaz showed lower AUDPCs for tan spot, powdery mildew, leaf rust, and FHB by
56, 52, 83, and 47%, respectively, in 2019 and 34, 38, 73, and 66%, respectively, in 2020 growing seasons
compared to TBIO Tibagi, (Table 2). The AUDPC for tan spot was reduced by 20 and 25% with the
recommended and high N rates, respectively, compared to the low N rate (Table 2). However, the higher N
rate had a similar effect on the AUDPC for tan spot as the recommended N rate. However, the AUDPC of
powdery mildew increased by 15 and 22% with the higher and recommended N rates, respectively, compared
to the lower N rate (Table 2). Fungicide application significantly influenced the AUDPCs for all diseases
evaluated. In the 2019 growing season, fungicide application reduced the AUDPC for tan spot by 33% in 2019
and in the 2020 growing season by 29%. The AUDPC for powdery mildew was reduced by 33% due to fungicide
application only in the 2020 growing season. The AUDPCs for leaf rust and FHB decreased by 76 and 74%,
respectively, in the 2019 growing season and by 47 and 35%, respectively, in the 2020 growing season, due to
fungicide application (Table 2).

The most significant interactions observed were for cultivar x fungicide and cultivar x N, which varied
depending on the variables analyzed (Table 1; Figures 2 and 3). The cultivar x fungicide interaction was
significant for the AUDPCs from tan spot and leaf rust. For TBIO Audaz, fungicide application decreased the
AUDPC for tan spot by 27%. A similar result was observed for TBIO Tibagi, in which the AUDPC for tan spot
in the fungicide-treated plots was 34% lower than in non-treated plots. In the case of the AUDPC for leaf rust,
fungicide application reduced it by 40% in TBIO Audaz cultivar. A similar trend was observed for TBIO Tibagi
cultivar, where fungicide application resulted in an 80% reduction in the AUDPC for leaf rust compared to the
non-treated control. In contrast, the AUDPC for FHB was not affected by any interaction regardless of the
growing season.

The fungicide x N interaction was significant for the AUDPC of tan spot (p < 0.05) in the 2019 growing
season, while the cultivar x N rate interaction was significant for the AUDPC of tan spot in both growing
seasons (Table 1). For TBIO Audaz cultivar, higher N application reduced the AUDPC of tan spot by 20%
relative to lower N application, while the AUDPC of tan spot was 23% lower under higher N than at the lower
N for TBIO Tibagi cultivar (Table 2).
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Table 2. Mean squares and standard errors of fungicide (FU), cultivar (C), and nitrogen rate (NR) effects on area under the disease progress
curve (AUDPC) for tan spot, powdery mildew, leaf rust, and Fusarium head blight (FHB) during the 2019 and 2020 growing seasons.

Effect/Contrast Year AUDPC AUDPC AUDPC AUDPC
Tan spot Powdery mildew Leaf rust FHB
Cultivar (C)
TBIO Audaz 2019 187+39.3b 305+157b 65.8£12.5b 134+41.3b
2020 131+£3.52b 128+7.58b 81.6+8.18b 173+ 15.5b
TBIO Tibagi 2019 420+ 39.3 a 633+ 157 a 394.4+12.5a 253+41.3a
2020 195+3.52a 205+7.58a 301.9+8.18a 322%15.5a
Fungicide (FU)
Sprayed (S) 2019 245+39.3b 424%157 90.3+£32.6b 157+41.3b
2020 136+ 3.52b 134+ 7.58b 80.2+8.18b 195+15.5b
Non-sprayed (US) 2019 362+39.3a 524 +157 369.9+12.5a 231*41.3a
2020 190+£3.52a 199+£7.58a 303.3+8.18a 300+ 15.5a
Nitrogen rate (NR)
Lower N 2019 351+ 38.6 a 425+149b 233+13.8 204 +31.5
2020 192+39a 150+8.16 b 187 £9.38 242+ 14.6
Recommended N 2019 281+38.6b 490+ 149a 243 +13.8 203+ 31.5
2020 154£39b 180*8.16a 202 £9.38 240 * 14.6
Higher N 2019 277+38.6b 490+ 149a 215+13.8 196 £ 31.5
2020 144+39b 170+ 8.16 ab 186 +9.38 261+ 14.6

Means followed by the same letter within the same source or variations are not statically different according to turkey test p < 0.05.

Effect of cultivar, fungicide, and N rate on grain yield and yield components

There were significant differences (p < 0.05) in the grain yield and quality variables for the fixed factors
(fungicide, cultivar, and N rate) as well as for the interaction between cultivar x fungicide and cultivar x N
(Table 3). The factors cultivar and fungicide were significant factors (p < 0.05) affecting TKW, TW, and yield
in both 2019 and 2020 growing seasons (Table 3).

Table 3. Summary statistics from linear mixed model analyses of the effects of fungicide (FU), cultivar (C), nitrogen rate (NR), and their
interactions on 1000-kernel weight (TKW), test weight (TW), yield, healthy area duration (HAD), plant nitrogen level (PNL), and total
nitrogen in grain (TNG) in 2019 and 2020.

TKW ™ Yield HAD PNL TNG
Treatments (® (kg hL™h) (kg ha™) (days) (gkg™?) (gkg™)
df Year F-value F-value F-value F-value F-value F-value
Cultivar (C) 1 2019 12.92* 21.35% 29.53* 765.71%* 0.78ns 8.40*
2020 102.03** 293.40%* 22.73* 58.15* 26.55% 14.07*
Fungicide (FU) 1 2019 34.86* 70.11%* 14.74% 0.66ns 2.94ns 1.66ns
2020 157.11%* 233.19%* 10.96* 2.29ns 1.41ns 5.18ns
Nitrogen rate (NR) 2 2019 0.40ns 2.48ns 18.67%* 7.13% 30.01%** 55.18%*
2020 2.01ns 2.36ns 14.89* 0.24ns 17.01%** 52.06%*
CxFU 1 2019 10.89* 17.17* 2.31ns 12.29*% 1.68ns 0.001ns
2020 69.05%* 330.48%* 1.05ns 0.34ns 0.07ns 0.03ns
C xNR 2 2019 3.60* 1.73ns 4.40* 1.56ns 1.66ns 6.04*
2020 9.09** 4.29*% 4.129* 2.16ns 12.17** 4.07*
FU x NR 2 2019 0.13ns 1.03ns 0.91ns 0.42ns 0.81ns 2.61ns
2020 3.02ns 0.78ns 1.11ns 2.15ns 1.18ns 2.75ns
C xFU x NR 2 2019 0.90ns 0.35ns 1.02ns 0.75ns 1.09ns 0.63ns
2020 1.57ns 0.05ns 0.05ns 2.16ns 0.41ns 1.31ns

Means followed by the same letter within the same source or variations are not statically different according to turkey test p < 0.05.

The cultivar TBIO Audaz outperformed the cultivar TBIO Tibagi regarding the yield components evaluated
such as TKW, TW, and yield, with increases of 14, 4, and 40%, respectively in the 2019 growing season and 29,
7, and 74%, respectively, in the 2020 growing season (Table 4). Compared to the non-treated control,
fungicide application increased TKW, TW, and yield by 25, 8, and 27%, respectively, in 2019 growing season
and 37, 6, and 44%, respectively, in 2020 growing season (Table 4). The recommended N rate produced a
higher yield of 29 and 36% in the 2019 and 2020 growing season, respectively, compared to the lower N rate.

There were significant effects (p < 0.05) of cultivar and N rate on HAD, PNL, and TNG in the 2019 and 2020
growing seasons (Table 3). However, for HAD, the N rates showed significant differences, but this effect was
not consistent between the growing seasons. The HAD was higher for TBIO Audaz by 88% in the 2019 growing
season and 23% in the 2020 growing season compared to TBIO Tibagi, and corresponded to an increase of 8-

Acta Scientiarum. Agronomy, v. 48, e74058, 2026




Page 8 of 15

Roman Ramos et al.

15 days (Table 4). Higher N increased HAD by 9% relative to the lower N in 2019 growing season. The PNL was
9% higher for TBIO Audaz in the 2020 growing season, but no differences were observed in the 2019 growing
season. Conversely, in TBIO Tibagi, increases of 15% in the 2019 growing season and 9% in the 2020 growing
season for TNG compared to TBIO Audaz. The N rates also influenced the PNL, with higher N increasing PNL
by 21% in the 2019 growing season and 8% in the 2020 growing season, compared to lower N (Table 4).
Furthermore, increases of 15 and 12% in TNG were observed in the 2019 and 2020 growing seasons,
respectively, for higher N rate compared to lower N rate.

Table 4. Mean squares and standard errors of fungicide (FU), cultivar (C), and nitrogen rate (NR) effects on 1000-kernel weight (TKW),
yield, healthy area duration (HAD), plant nitrogen level (PNL), and total nitrogen in grain (TNG) during the 2019 and 2020 growing

seasons.
TKW ™ Yield HAD PNL TNG
Effect/Contrast  Year @® (kghL") (kgha ) (days) kg kg
Cultivar (C)
TBIO Audaz 2019 28.4*0.69a 76.2+0.53a 2350+ 107 a 32.2+0.38 a 32.8+2.09 22.2+0.52
2020 31.8+0.501a 76.6+0.201 a 3445+ 233 a 42.9%0.741 a 33.0%0.652 a 23+0.391b
TBIO Tibagi 2019 24.9+0.69b 73.1+0.53b 1674+ 107D 17.2£0.38b 30.4 +2.09 24.3+0.52
2020 24.6+0.501b 71.7+0.201b 2090 = 233 b 34.9+0.741b 28.7+0.652b 25+£0.391a
Fungicide (FU)
Sprayed (S) 2019 29.6*0.69a 77.5+0.53a 2251£107 a 24.9+0.38 29.2+2.09 22.8£0.52
2020 32.6+0.501a 76.3+0.201 a 3231+233a 38.1+0.741 30.3+0.652 23.4+0.391
Non-sprayed (US) 2019 23.8*0.69b 71.9+0.53b 1774+ 107D 24.5+0.38 33.9+2.09 23.7+0.52
2020 23.8+0.501b 72.0+0.201 b 2304 233 b 39.7+0.741 31.3+0.652 24.6 +£0.391
Nitrogen rate (NR)
Lower N 2019 26.5+0.53 75.1+£0.45 1704+ 101b 23.4+0.64b 28.0£0.81b 21.6+041c
2020  28.4%0.379 74.6 +0.246 2264+ 202b 39.2+0.762 30.1+0.575b 22.6*0.313c
Recommended N 2019 26.8+0.53 74.5+0.45 2190+ 101 a 25.8+0.64 a 33.1+0.81a 23.5+041b
2020  28.2%0.379 73.9£0.246 3090 + 202 a 39.1+0.762 29.9 £0.575 ab 24.2+0.313b
Higher N 2019 26.6+0.53 74.4+0.45 2143+ 101 a 25.0+0.64 a 33.7+0.81a 24.7+041a
2020 27.9%0.379 74.0 £ 0.246 2849 £ 202 a 38.6*0.762 32.5+0.575a 25.2+0.313a

Means followed by the same letter within the same source or variations are not statically different according to turkey test p < 0.05.
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Figure 2. Effect of the cultivar x fungicide interaction for the area under disease progress curve (AUDPC) of tan spot (A), and leaf rust
(B), as well as 1000-kernel weight (TKW) (C), test weight (TW) (D), yield (E), and healthy area duration (HAD) (F). The horizontal line
inside the box represents the median, the limits of the box represent the lower and upper quartiles, and the circles represent the
observation of each treatment. Data points ( 9 ) are the mean, and error bars represent standard deviation of means. Different
lowercase letters indicate statistical differences according to the Tukey test at p < 0.05.
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Figure 3. Effect of the cultivar x nitrogen interaction for area under disease progress curve (AUDPC) of tan spot (A), as well as 1000-
kernel weight (TKW) (B), yield (C), plant nitrogen content (PNL) (D), and total nitrogen in grain (TNG) (E). The horizontal line inside
the box represents the median, the limits of the box represent the lower and upper quartiles, and the circles represent the observations
for each treatment. Data points ( @ ) are the mean, and error bars represent the standard deviation of the mean. Different lowercase
letters indicate statistical differences according to the Tukey test at p < 0.05.

The interaction between cultivar and fungicide was significant (p < 0.05) for TKW, TW, and HAD in 2019
and 2020 growing seasons (Table 3). There were no differences in TKW between fungicide-treated and
untreated treatments for TBIO Audaz. However, for TBIO Tibagi, fungicide application increased TKW by 37%
(Figure 2C). Plant for TBIO Audaz treated with fungicide showed an increase of 4% increase in TW compared
to non-treated plants, while plants from TBIO Tibagi showed a 12% increase in TW with fungicide application
(Figure 2D). Yields for TBIO Audaz increased by 54% in response to fungicide application (Figure 2E). For
HAD, TBIO Audaz showed a 76% increase with fungicide treatment compared to TBIO Tibagi (Figure 2F).

The interaction between cultivar and N was significant (p < 0.05) for TKW, yield, PNL, and TNG in 2019
and 2020 growing seasons (Figure 3). For TKW, there were no significant differences among N rates for TBIO
Audaz, while TBIO Tibagi showed a 4% reduction in TKW at the recommended N rate compared to the lower
N (Figure 3B). In terms of yield, TBIO Audaz treated with the recommended N rate achieved a 37% higher
yield compared to low N and an 11% higher in yield compared to the higher N. For TBIO Tibagi, the yield
increased by 30% at the recommended N rate compared to the lower N rate (Figure 3C). Regarding PNL, higher
N rate resulted in increases of 21 and 20% for TBIO Audaz and TBIO Tibagi, respectively, compared to the
lower N rate. There were no significant differences between cultivars at the higher and recommended N rates
for PNL (Figure 3D). Higher N rate also increased the TNG for TBIO Audaz and TBIO Tibagi by 13 and 16%,
respectively, compared to the lower N, although no significant differences were observed between cultivars
at the higher and recommended N rates for TNG (Figure 3E).

Economic analysis

According to the partial budget analysis (Table S1-Supplementary Material), plants from TBIO Tibagi treatment
without fungicide and with lower N rate input had the lowest variable cost (USD 633.41), whereas the highest
variable cost was observed for plants from TBIO Audaz treated with fungicide and supplied with the higher N rate
(USD 726.30). Plants from TBIO Audaz sprayed with fungicide and supplied with the recommended N rate showed
the highest net profit (USD 271.04), while plants from the TBIO Tibagi without fungicide application and supplied
with the lower N rate showed a negative performance with a net loss (-USD 337.77).

According to dominance analysis, the treatments of TBIO Audaz without fungicide application and
supplied with recommended N rate, TBIO Audaz with fungicide application and supplied with the lower N
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rate, and TBIO Audaz sprayed with fungicide and supplied with recommended N rate were not dominated (Table
S2-Supplementary Material). The remaining treatments dominated and were excluded from further analyses.

The economic analysis of the marginal net benefits showed that TBIO Audaz, supplied with recommended
N rate (130 kg ha™!) and sprayed with fungicide had the highest net marginal benefit (USD 193.74) compared
to TBIO Audaz without fungicide application and supplied with the lower N rate (Table 5).

Table 5. Estimation of marginal return of treatments.

Variable total Marginal variable Net profit Marginal net Marginal

Treatment costs (USD) cost (USD) (USD)  benefits (USD)  return (%) |ncome/cost’
TBIO Audaz + US + Recommended N rate 662.53 1.31 1.00
TBIO Audaz + S + Lower N rate 665.34 2.81 77.30 75.99 2701% 1.12
TBIO Audaz + S + Recommended N rate 693.48 28.13 271.04 193.74 689% 1.39

2See Table S1-Supplementary Material for complete information of gross income by variable total cost. S: Fungicide spray and US: no fungicide spray.
Lower N rate (70 kg ha™'); recommended N rate (130 kg ha™'); and higher N rate (200 kg ha™).

Nitrogen use efficiency and cost-efficiency index

In this study, treatments with lower and recommended N rates showed a higher NUE valued compared to
higher N treatments. TBIO Audaz had a higher NUE than TBIO Tibagi. Furthermore, the non-sprayed
treatments showed a higher NUE valued compared to treatments with fungicide application (Table 6). The
dominance analysis of NUE and variable cost showed that the treatments TBIO Audaz no sprayed with
fungicide and with lower N rate, TBIO Audaz no sprayed with fungicide and with lower N rate, and TBIO Audaz
no sprayed with fungicide and with recommended N rate were not dominated (ND) (Table S3-Supplementary
Material). The remaining treatments were dominated (D) and excluded from further analyses. Therefore, the
cost-efficiency analysis showed that the TBIO Audaz no sprayed with fungicide and with lower N rate had the
lowest cost-efficiency index (Table 6).

Table 6. Nitrogen use efficiency (NUE) and cost-efficiency index for non-dominated treatments.

Treatment Nitrogen use efficiency (NUE) Variable total cost (USD) Cost-efficient index
TBIO Audaz + US + lower N rate 31.8 634.4 0.20
TBIO Audaz + S + lower N rate 20.6 665.3 0.32
TBIO Audaz + US + Recommended N rate 15.5 662.5 0.43

S: fungicide spray and US: no fungicide spray. Lower N rate (70 kg ha'); recommended N rate (130 kg ha'); and higher N rate (200 kg ha™).

Discussion

In this study, four diseases (tan spot, powdery mildew, leaf rust, and FHB) were observed during the
development of wheat plants, each exhibiting different levels of intensity. Weather conditions strongly influence
diseases progress. Tan spot was the most prevalent disease, consistent with observations reported by Pazdiora et
al. (2021). In 2019 growing season, higher winter temperatures contributed greatly for powdery mildew intensity
compared to the 2020 growing season. Conversely, leaf rust was more intense in the 2020 growing season than to
the 2019 growing season. Although early maturing wheat cultivars are recommended to avoid diseases such as FHB
(Gilbert & Haber, 2013), their use in the current study did not reduce its damage, likely due to the increased rainfall
during anthesis favoring FHB severity. The final intensity of all four diseases studied was influenced by the level of
susceptibility of each cultivar and their interaction with fungicide application and the N rate.

The results of this study clearly demonstrated the effects of treatment interactions on disease
development during wheat growth. Tan spot appeared in the early stages of wheat development, while leaf
rust emerged just before flowering. Both diseases were more severe in plants from the cultivar TBIO Tibagi
compared to the cultivar TBIO Audaz. The cultivar x fungicide interaction showed that two fungicide
applications on plants from the susceptible cultivar reduced the disease-related damage. However, for TBIO
Audaz, even without fungicide application, AUDPCs were obtained than TBIO Tibagi sprayed with fungicide.
The cultivar TBIO Audaz was less susceptible to diseases, regardless of fungicide use, indicating that its level
of basal resistance can be adequate for disease management under high inoculum pressure. These Thio Audaz
findings highlight that selecting wheat cultivars suited to specific growing regions, along with appropriate
management practices, can improve wheat production, including in successive crops.

The fertilization with recommended and higher N rates, particularly using a moderately resistant cultivar,
decreased the AUDPC values for tan spot. These findings align with previous studies that also reported a
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reduction in tan spot severity with higher N rates (Fleitas et al., 2018; Roman Ramos et al., 2024). Similarly,
this study supports previous research indicating that higher N rates can modify the crop canopy, increasing,
therefore, the green leaf area index (GLAI), and delaying senescence due to enhanced radiation interception
and radiation use efficiency (RUE) (Fleitas et al., 2018; Hawkesford, 2014; Schierenbeck et al., 2016). This, in
turn, reduces the severity of diseases caused by necrotrophic pathogens.

However, the effect of the N rate will depend on the host-pathogens interaction. While higher N rate
reduced the AUDPC valued for tan spot, it increased the AUDPC values for powdery mildew in plants from
cultivars Tbio Tibagi and Tbio Audaz. Leaf rust and FHB were not affected by the N rate. Increased
susceptibility of plants to biotrophic pathogens, such as B. graminis f. sp. tritici, due to higher N supply is well-
documented in the literature and may be linked to an increased availability of low-molecular-weight N
compounds, that may be favor the nutrition of the pathogens (Datnoff et al., 2023; Mur et al., 2017).
Additionally, higher N rate is often associated with a decrease in the activities of key enzymes in the
phenylpropanoid pathway that will reduce the synthesis of defense-related phenolics (Dixon et al., 2002),
which could explain the increased severity of powdery mildew. In contrast, the accumulation of
phenylpropanoid derivatives at the infection sites of the necrotrophic pathogen P. tritici-repentis has been
reported to reduce the disease severity (Dorneles et al., 2017; 2018). These contrasting effects suggest that
higher N rate may not be the primary factor influencing the progress of wheat diseases. The source of N could
be associated with the activation of different signaling pathways in the plant tissue (Hawkesford, 2014; Huber
& Thompson, 2007). Further studies are needed to clarify these effects on the wheat-P. tritici-repentis
interaction.

The effects of the fungicide application and N rate on HAD varied between growing seasons, but the effect
of cultivar was the most significant factor in reducing disease severity, especially on plants from TBIO Audaz
which showed increasing HAD. The interaction between cultivar x fungicide demonstrated that a pre-mix of
fungicides (bixafen + prothioconazole + trifloxystrobin) was associated with increased HAD. These findings
are consistent with other studies where a triple fungicide mixture (epoxiconazole + pyraclostrobin +
fluxapyroxad) contributed to a higher HAD values (Fleitas et al., 2018; Schierenbeck et al., 2019a). Fungicide
application increased the GLAI and HAD values in wheat delaying senescence and reducing disease severity
(Fleitas et al., 2018; Hawkesford, 2014; Schierenbeck et al., 2016). The fungicide effect may be related to the
maintenance of the photosynthetic area of leaves, improvement in CO, assimilation, and enhancing the
concentration of N, chlorophyll, and protein (Ruske et al., 2003).

Fungicide application also affected TKW, TW, yield, and TNG, while N influenced TKW, yield, and TNG.
Two fungicide applications during the growing stages of the flag leaf and anthesis stages resulted in increased
valued for TKW, TW, and yield. Similarly, Kutcher et al. (2018) found that the fungicide mixture reduced the
leaf spot severity and increased yield, TKW, and TW. However, the findings in the present study indicate that
increasing the N rate by 50% regarding its the recommended N rate (130 kg ha™!) did not result in higher yields.
This suggests that only 30-40% of the applied N can be utilized by the plants, with over 60% were lost through
leaching, denitrification, and volatilization (Malhi et al., 2001). Therefore, exceeding the recommended N rate
is not cost effective as it increases expenses without improving the NUE.

Additionally, foliar N concentration was influenced by the wheat genotype and management practices
under field conditions. For example, in this study, plants from TBIO Tibagi displayed the highest TNG valued
but had lower yields compared to plants from TBIO Audaz, which exhibited high PNL and yield. Some studies
suggest that the increased yield may be related to N remobilization before leaf senescence possibly from
storage proteins rather than those involved in the plant metabolism, at least up to a point that does not affect
the essential physiological processes (Kong et al., 2016). These results align with findings by Maillard et al.
(2015) and Thomas and Howarth (2000), who reported that N remobilization delays leaf senescence and
increases GLAI resulting, therefore, in higher yields.

The findings of the present study indicated that the recommended N rate (130 kg ha™') for Rio Grande do
Sul State, Brazil (Silva et al., 2017), had an effect similar to the higher N rate (200 kg ha™!) in reducing tan spot
progress. The recommended N rate used in this study was comparable to the higher N rate (140 kg ha™)
previously reported by Fleitas et al. (2018). Therefore, fertilization with the recommended N rate reduced tan
spot without promoting the progress of other leaf diseases and allowing higher yield. Economic analysis
showed that plants from TBIO Audaz supplied with lower N rate (70 kg ha') and recommended N rate (130 kg
ha™!) and sprayed with fungicide produced the best marginal returns. The cost—benefit analysis revealed that
plants from TBIO Audaz fertilized with 70 kg N ha™! was the most efficient in terms of NUE. These findings
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are consistent with other studies suggesting that using wheat cultivars with a higher NUE allow to reduce the
use of N rate without compromising grain yield (Gaju et al., 2014).

Warmer winters with continuous rainfall favor the occurrence of leaf and spike diseases. For the
susceptible cultivar, fungicide application combined with the recommended N rate reduced the AUDPCs of
leaf diseases. In contrast, the AUDPCs of leaf disease were reduced even without fungicide application for the
moderately resistant cultivar, but fungicide spray improved yields due to a higher HAD. The moderately
resistant cultivar, combined with fungicide application also increased TW and TKW by reducing disease
damage. Economic analysis of marginal net benefits showed that TBIO Audaz supplied with the recommended
N rate (130 kg ha™') and sprayed with fungicide (pre-mix) resulted in greater economic gains.

In summary, increasing the N rate to wheat plants beyond the recommended rate of 130 kg ha™! raises costs
without improving efficiency considering that the use of N by plants does not exceed 40%. Therefore, using a
moderately resistant cultivar with the recommended N rate and proper fungicide application will have a
positive effect on disease control and wheat yield in considering the NUE.

Conclusion

This study demonstrates that applying the recommended nitrogen (N) rate of 130 kg ha! is as effective as
higher N rates in controlling tan spot in wheat, without promoting the development of other leaf diseases.
Economic and agronomic evaluations confirmed that this rate, especially when combined with fungicide
application, offers optimal disease suppression, yield stability, and improved nitrogen use efficiency (NUE).
Notably, the moderately resistant cultivar TBIO Audaz, when fertilized with the recommended N rate and
treated with fungicide, showed reduced disease severity, increased harvest index, and higher yield
components such as test weight (TW) and thousand-kernel weight (TKW). Furthermore, marginal net return
analysis highlighted that increasing N beyond 130 kg ha-* does not provide additional benefits and increases
production costs. Overall, adopting cultivars with moderate resistance and managing them with the
recommended N rate and targeted fungicide use represents a cost-effective and sustainable strategy for
maximizing wheat productivity under disease-prone conditions.
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