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Abstract: Septoria tritici blotch (STB), caused by the fungus Zymoseptoria tritici Desm., is the most
important disease affecting wheat in Northern Europe. There is a strong correlation between STB and
weather variables; therefore, research on climate change and epidemiology is essential. In a long-term
survey across 25 years, we evaluated the epidemiological development of STB at a representative
location under maritime climatic conditions. The surveys conducted between 1996 and 2021 showed
an increase in disease severity of STB with respect to time. At the survey location, the plants were also
evaluated for other diseases, but other foliar diseases were only observed with negligible severities.
However, a continuous increase in the severity of STB was observed throughout the survey. During
the survey period, there was no significant relationship between disease severity and single weather
parameters (e.g., temperature and precipitation). However, seasonal changes in the progression
of conducive STB conditions within the season were observed during the survey. Therefore, STB
infections occurred at increased temperatures due to infections later during the growth season. In
general, the distribution of conducive weather conditions, which supports an infection, determines
the epidemiological behaviour of STB during the growing season. Due to these enhanced STB
epidemics, a decline in wheat production has been observed, especially in agronomic practices of
maritime climates. This is particularly the case if temperature and precipitation during the growing
season are affected by climate change.

Keywords: STB; Zymoseptoria tritici; climate change; AUDPC; sustainable wheat production; global
warming; Triticum aestivum L.; disease severity; foliar disease; long-term survey

1. Introduction

Septoria tritici blotch (STB), caused by Zymoseptoria tritici Desm., is one of the most
serious and yield-limiting foliar diseases in global wheat production. In Europe, STB is
responsible for annual yield losses of 5–10% under current agricultural practices, repre-
senting an annual economic loss of approximately EUR 1500 million in Germany alone [1].
STB is particularly prevalent in regions with temperate, humid climates, such as the EPPO
“maritime zone” [2], which includes Northern Europe. As described by Klink et al. [3], in
addition to agronomic practices (e.g., crop rotation, cultivar selection, or tillage systems),
conducive weather conditions, such as continuous precipitation, moderate temperatures,
and high humidity, determine the incidence, course, and severity of STB epidemics. In
particular, sufficient precipitation with prolonged leaf wetness is essential for a successful
infection. Therefore, the precipitation transports the inoculum to higher leaf layers, and the
leaf wetness periods ensure infections by the pathogen [4,5].

According to Miedaner and Juroszek [6], climate change, as described in the Inter-
national Council of Climate Change (IPCC) Special Report (SR) [7], is threatening wheat
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productivity in north-western Europe due to warmer and drier conditions during the main
growing season. The recently published Sixth Assessment Report (AR6) of the IPCC [8]
shows that a 1.5 ◦C increase in global warming is possible by 2030. As a result, more
frequent and more intense rainfall events are expected by the IPCC. In general, a change in
the global climate is a dynamic process with large regional variations [9]. According to the
IPCC [9], the effects of climate change involve an increase in mean temperature of 0.4 to
0.5 ◦C and an increase in daily precipitation of 0.1 L/m2 per decade in Northern Europe,
which includes Northern Germany.

Since STB is highly influenced by weather conditions [10,11], climate change is ex-
pected to have an impact on disease development and severity. Analyses of epidemics
of a specific pathogen are usually carried out in greenhouses under artificial conditions
with controlled abiotic and biotic factors since it is not usually possible to quantify the
influence of biotic factors, especially associated pathogens, on the disease progression of
pathogens on plants [12]. In this study, unique circumstances were observed. For instance,
the only disease observed was STB during the surveyed period. This allowed us to analyse
the disease progression of STB in the field without the biotic influences of the usually
associated diseases glume blotch (caused by Parastagonospora nodorum Berk.), tan-spot
(caused by Pyrenophora tritici-repentis Died.), powdery mildew (caused by Blumeria graminis
f. sp. tritici), stripe rust (caused by Puccinia striiformis f. sp. tritici), or leaf rust (caused by
Puccinia triticina), as described by Verreet et al. [4].

The present study investigated (i) the development of STB in wheat at a representative
location from 1996 to 2021, and (ii) the possible influence of climate change on the disease
progression of STB in Northern Germany. Over this period of 25 years, the progression of
STB was continuously evaluated using samples from an identical reference location and
a uniform cultivar. Due to the influence of the weather variables on STB, the parameters
temperature, precipitation, and leaf wetness were assessed directly from the reference
location and associated with climate change.

2. Materials and Methods
2.1. Surveyed Area and Survey Strategy

Since 1996, evaluations of major foliar diseases have been conducted in Germany’s
northernmost federal state, Schleswig-Holstein (54◦38′01′ ′ N; 08◦52′08′ ′ E), proximal to the
northern sea. The location is characterized by very fertile clay soils and high prevalence
of wheat in crop rotations and is, therefore, one of the main wheat-producing areas in
Northern Germany [13]. Due to its proximity to the North Sea, maritime weather conditions
with an average temperature of 9.2 ◦C, an annual precipitation of 846 L/m2, and an average
humidity of 81% prevail at the trial location [14]. As described by Klink et al. [3], the
foliar diseases powdery mildew, stripe rust, leaf rust, and STB are the most prevalent
foliar diseases in the surrounding region of the trial location. As a result of the continuous
western winds, the disease powdery mildew was not observed at the trial location [15].
Additionally, rust diseases were recorded sporadically at the trial location, and the only
disease that was frequently recorded at the trial location was STB [3]. As a result, based on
the climate conditions at the trial site, sufficient disease pressure could be expected and
was suitable for use in the evaluation of STB and weather variables in the field. Within
the survey period, either winter wheat or oilseed rape growth preceded growth of the
evaluated winter wheat. The type of crop grown preceding the growth of the winter
wheat determined the type of soil cultivation: reduced tillage when oilseed rape preceded
or ploughing when wheat preceded. Throughout the survey period from 1996 to 2021,
the cultivar “Ritmo” was analysed for foliar diseases at weekly intervals from growth
stages (GS) 30 (beginning of stem elongation) to 77 (late milk). The susceptibility of wheat
cultivars to the major foliar wheat diseases is listed in the descriptive cultivar list by the
Bundessortenamt, an independent senior federal authority under the supervision of the
Federal Ministry of Food and Agriculture. The used cultivar “Ritmo” is classified as
moderately to highly susceptible against STB. Additionally, it is classified as moderately
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susceptible to stripe rust, powdery mildew, tan spot, and glume blotch, and highly to very
highly susceptible to leaf rust [16]. Klink et al. [3] suggested that glume blotch and tan
spot do not occur under good agronomic practices. Accordingly, only STB occurred at the
studied location with the used cultivar combination. As a consequence, this combination
is representative in the evaluation of STB’s disease progression. In order to evaluate the
development of STB at this location, four plots not treated with fungicides were established
every year. In the absence of fungicides, the untreated plots showed the epidemiological
disease behaviour. Every year, plots were planted and integrated into a 10 m2 (2 × 5 m)
farm field, whereby crop management, as well as the application of herbicides, insecticides,
and growth regulators, was based on common agricultural practices and was carried out
comprehensively in cooperation with the Chamber of Agriculture of Schleswig-Holstein.
To determine the weather conditions at this trial site, meteorological stations (Thies Clima,
Göttingen, Germany) were installed at every trial location to measure the precipitation
(L/m2; measuring accuracy± 3%), air temperature at 30 cm height (◦C; measuring accuracy
± 0.1 K), and leaf wetness (%, measuring accuracy ± 3%) [5]. The assessed data were
recorded in 15 s intervals and were given automatically as hourly values.

2.2. Sampling and Disease Assessment

Disease analyses was conducted from GS 30 to GS77 at weekly intervals. The samples
contained at least ten main tillers and were taken arbitrarily from three separate plots. To
assess disease incidence (DI) and disease severity (DS), the analyses followed an exact
sequence corresponding to that in Verreet et al. [4]. Primarily, the growth stage was
determined according to the method in Zadoks et al. [17], and simultaneously, every leaf
was rated based on their disease incidence and percentage of necrotic leaf area and affected
leaf area due to these biotrophic foliar diseases on their main stem. For the preceding steps,
the leaves were then soaked in water to simulate leaf wetness, which led to expanded
pycnidia and ensured the highest quality ratings. To assess the quantitative parameter
disease severity, the pycnidia of STB were counted at between eightfold and fiftyfold
magnification for every single leaf. The results of the assessment provided the DI and
DS from three plots, with ten replicates per plot, resulting in accurate DI and DS for each
individual leaf layer. Additionally, notes on rating date and plot number were recorded.
The assessed epidemiological data were averaged for the leaf layers F− 0 to F− 6 separately
after every weekly rating for each plot and stored in an SQL database.

2.3. Data Analyses

For the data analyses and an annual comparison of the disease severity, the area under
the disease progress curve (AF−x) of each leaf layer in every year was considered. This was
calculated using the parameters necrotization and disease severity of STB from GS 30 to
77. For an estimation of the AF−x according to Madden et al., 2007 [18], the trapezoidal
method was used by discretizing the time variable and by determining the average disease
intensity between two neighbouring time points (Formula (1)).

AF−x =
k−1

∑
i=0

(yi + yi+1)

2
(ti+1 − ti) (1)

AF−x = AUDPC of leaf layer F minus x; y = disease severity at rating date i, t = rating date;
k = number of neighbouring time intervals

For a comparison of the disease severities, a yield-directed comparison was also
performed, adjusting the AF−x to the weighted AUDPC (WAUDPC) by weighting the
disease severities separately for each leaf layer with the factors xF−0, xF−1, xF−2, xF−3,
xF−4, xF−5, and xF−6, (e.g., xF−0 = 70% for F − 0, xF−0 = 20% for F − 1, xF−0 = 10% for
F − 2, and xF−3 to xF−6 = 0% (nominator Formula (2)) [19,20]). The results of the WAUDPC
calculation were challenging to classify. However, dividing the WAUDPC by the number
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of time points (k + 1 in Formula (2)) yields the relative WAUDPC (RWAUDPC), showing
the disease severities in realistic quantities.

RWAUDPC =
XF−0 × AF−0 + . . . + XF−6 × AF−6

k + 1
(2)

AF−x = AUDPC of leaf layer F minus x, t = rating date; k = number of neighbouring
time intervals; X = percentage of considered leaf layer

2.4. Statistical Analyses

The statistical software R, Version 4.1.3 (R Foundation for Statistical Computing,
Vienna, Austria; 2022) [21], was used to evaluate the data. The data evaluation was based
on linear regression models and corresponding analyses. The residuals of the models were
all assumed to be normally distributed and to be homoscedastic. These assumptions are
based on a graphical residual analysis.

3. Results
3.1. Occurrence of Foliar Diseases from 1996 to 2021

Disease severities were assessed for the major foliar diseases, namely Septoria tritici
blotch, glume blotch, tan spot, powdery mildew, stripe rust, and leaf rust, from 1996 to
2021. As shown in Figure 1, except for STB, the severities of the foliar diseases averaged
over every leaf layer remained at a minor level (RWAUDPC < 1). Only STB was rated
as having a significant RWAUDPC(xF−0–x−6=14%), with a total average of 55 pycnidia. In
1996, the lowest disease severities recorded had 8 pycnidia, and in 2019, the highest disease
severities were rated as having 134 pycnidia. It is noticeable that, in the first decade of the
survey, the disease severities of STB were above the total average for only two years. In
contrast, in the last decade of the survey, the disease severities were only two years below
the total average (Table S1).
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Figure 1. Occurrence of the major foliar diseases averaged from 1996 to 2021 at the trial loca-
tion. RWAUDPC (xF−0–x−6 = 14%) of Septoria tritici blotch and glume blotch as n-pycnidia.
RWAUDPC(xF−0–x−6=14%) of tan spot, powdery mildew, stripe rust, and leaf rust as % affected
leaf area from GS 30 to GS 77.

3.2. Prevailing Weather Conditions and Occurrence of Septoria tritici blotch

In Figure 2, the disease severity of STB is shown as RWAUDPC(xF−0–x-F−2=33%; xF−3–x-F−6=0%)
of the three uppermost leaf layers; therefore, the disease severity varied, at around an average of
54 pycnidia, from 1 pycnidia in 1999 and 2008 to 162 pycnidia in 2013. Noticeably, the disease
severity was consistently below the total average in the first half of the survey period and above
the average in the second half of the survey period. Thus, a significant (p = 0.005) annual increase
of 3.5 pycnidia from 1996 to 2021, with a R2 of 0.30, was observed. Concomitant to the disease
severity of STB, the RWAUDPC from the necrotized leaf area increased significantly (p < 0.05) by
0.28% per year within the survey period from 1996 to 2021.
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Figure 2. RWAUDPC(xF−0–x-F−2=33%; xF−3–x-F−6=0%) of STB (n-pycnidia) of the observation period
(GS 30 to GS 77) from the survey period at the trial location. Dotted line describes the linear regression
of disease severity.

Considering the uniformity of agronomic practices during the survey period, a su-
perordinate factor must determine the disease severities of STB in the field. Due to the
superior dependency of STB on prevailing weather conditions in the first step, the changes
in temperature and precipitation during the growth season (GS 30 to 77) were analysed
for every year in the survey. Additionally, the individual influences of temperature and
precipitation on the disease severity were evaluated.

Figure 3 shows the prevailing weather conditions during the growth season from 1995
to 2021 in combination with the disease severities of STB. The mean annual temperature
varied from 9.3 ◦C in 2015 to 13.8 in 2018 and averaged 11.0 ◦C, with a standard deviation
of 0.9 ◦C. Furthermore, the regression analyses of the temperature development did not
show a linear trend. Nevertheless, an increase in the variation in the annual temperature
in the growth season from the linear trend was observed in the last decade of the survey.
The evaluation of the relationship between the severity of STB and temperature showed an
R2 of 0.04, a minor correlation. The annual precipitation varied from 93 L/m2 in 2000 to
302 L/m2, with a standard deviation of 80 L/m2 around a total average of 159 L/m2 during
the observation period (GS 32 to 77). In contrast to temperature, a slight, non-significant
(p = 0.47) linear trend showing an annual increase of 1 L/m2 was observed at the trial
site. However, the linear regressions of precipitation and disease severity of STB showed
increases over the survey period, but the monocausal relationship between these two
factors remained at a minor level (R2 = 0.10).
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Figure 3. Mean temperature (◦C; red line), total precipitation (L/m2; blue bars) of the observation
period (GS 30 to GS 77) from the survey period at the trial location. Dotted lines describe the linear
regressions of temperature and precipitation.

Hence, the increase in disease severity cannot be adequately explained only by either
precipitation or temperature. According to Verreet et al. [4], the leaf wetness, conceived by
Weihofen as a combination of several weather factors, is a major factor affecting the disease
severity of STB. The correlation between total hours of leaf wetness during the growth
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season and the disease severity of STB was also at a minor level (R2 = 0.08). As STB disease
progression correlates with a single factor such as temperature, precipitation, or total hours
of leaf wetness only on a minor level, the detailed epidemiological development of every
single leaf layer of STB within a growth season was evaluated.

3.3. Case Study of Septoria Tritici Blotch

Since STB disease progression correlated with a single factor such as temperature,
precipitation, or total hours of leaf wetness only at a minor level, the detailed epidemiologi-
cal development of every single leaf layer of STB within a growth season was evaluated
(Figure 4).
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Figure 4. Epidemiological development of STB (n-pycnidia; black area) on the seven uppermost leaf
layers in combination with the necrotized leaf area (%; gold line), prevailing weather conditions
(temperature as red line; precipitation as blue bars; leaf wetness (%) as green area (duration of leaf
wetness ≥ 98% is given in hours) as a function of the date), and growth stage of the survey years
(A) 2018 and (B) 2019.

In Figure 4, the disease severity of STB is shown for two representative years of the
survey, together with the individual STB disease severity for each leaf layer in combination
with the necrotization of 2018 and 2019. As no other diseases were observed at the site
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in the years shown, the necrotization can be considered as directly dependent on STB
infections and abiotic factors.

In general, the average temperature in 2018 increased during the growing season
compared with 2019 by 3.0 ◦C, being at 16.2 ◦C and 13.2 ◦C, respectively. In contrast, the
total precipitation increased by 82 L/m2 in 2019 as compared with that in 2018 during the
growing season, being at 62 L/m2 and 144 L/m2, respectively. Furthermore, similar initial
infestations were observed on the lower leaf layers (F − 4 to F − 6) in both years. As shown
in Figure 4, STB epidemics have their origin on the lower leaf layers and infest higher leaf
layers under conducive weather conditions. Therefore, conducive conditions are present if
a rainfall event of at least 3 L/m2 transports the spores of STB onto higher leaf layers. On
higher leaf layers, spores will need a leaf wetness of at least 98% for 36 h for an infection
to proceed through its stages including germination, growth of infection hyphen with
appressorium development, and stomatal leaf penetration [4,5,22]. Generally, an initial
infestation of STB needs to be present at the location, and only visible leaf layers can be
infected if the conditions are conducive. In 2018, the 12th of May was the only day when
the weather conditions were conducive for STB at the trial site. Therefore, a plant GS of 31
was observed; thus, the upper leaf layers (F − 0 to F − 2) were not completely developed
and, therefore, not affected by STB after the latency period of approximately 28 days [4]. In
particular, leaf layer F − 3 was affected by this infection, as an increase in disease severity
was observed 4 weeks after infection. In the absence of conducive conditions during the
2018 growing period, STB was not able to spread to the upper and yield-relevant leaf layers.
However, in 2019, colder and wetter weather persisted (Figure 4B), and four infection
periods were observed, namely the 29th of April (GS 32), the 5th of May (GS 37), the 10th
of June (GS 65), and the 19th of June (GS 71). Compared with 2018, plant development was
advanced in 2019; therefore, GS 32 was observed during the infectious conditions on the
29th of April. This resulted in an increase in disease severity after the latency period on leaf
layers F − 2 and a primary increase on F − 1. The primary increase on leaf layer F − 0 and
the secondary increase on the leaf layer F− 1 are a result of conducive conditions during the
infection period on the 5th of May at a plant GS of 37. Consequently, the epidemiological
development of STB within the growing season depends on the distribution of conducive
conditions, on the one hand, and on plant growth stage (leaves of interest need to appear),
on the other hand.

3.4. Conducive Conditions of Septoria Tritici Blotch during the Survey Period

Epidemics of STB depend on the occurrence of an initial infestation at a location and
the interaction of visible leaf layers and the distribution of conducive conditions during
the growing season. In Figure 5, the initial and final infestations are shown relative to the
highest observed initial and final infestations of STB, together with conducive conditions
for STB, including classified temperature and precipitation during the corresponding leaf
wetness period. Additionally, the relevant growth stage periods are shown for every year
of the survey to classify the visible leaves. To assess the epidemiological behaviour of
STB, the absolute RWAUDPC(xF−0–x-F−2=33%; xF−3–x-F−6=0%) is shown for every day in the
growing season. The initial infestations varied from 2.81 pycnidia in 1996 to 151 pycnidia
in 2020 and averaged 50 pycnidia. The final infestations varied from 27.8 pycnidia in 1996
to 552 pycnidia in 2019 and averaged 261 pycnidia. The increase in pycnidia during the
growing season from GS 32 to 77 differed, with an average of 211 pycnidia. Therefore, the
lowest increase was observed in 2008 (12.3 pycnidia), and the highest increase was observed
in 2012 (507 pycnidia). Even if a significant (p < 0.05) correlation between initial and final
infestations was observed, over 60% of the final infestation could not be explained by the
initial infestation (R2 = 0.36; Figure 4A). Considering the distribution of STB-conducive
conditions during the growing period, the years 2008 and 2018 showed no infections
between GS 32 and GS 77. Thus, no significant increase in disease severities was observed
during the growing season, even though the initial infestations were moderate, with 32.5 in
2008 and 48.2 in 2018. In contrast, the years 2003 and 2013 also showed low to moderate
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initial infestations, with 7.86 and 62 pycnidia, respectively, but major increases in disease
severity of 330 in 2003 and 467 pycnidia in 2013.

Agronomy 2023, 13, x FOR PEER REVIEW 8 of 15 
 

 

between GS 32 and GS 77. Thus, no significant increase in disease severities was observed 

during the growing season, even though the initial infestations were moderate, with 32.5 

in 2008 and 48.2 in 2018. In contrast, the years 2003 and 2013 also showed low to moderate 

initial infestations, with 7.86 and 62 pycnidia, respectively, but major increases in disease 

severity of 330 in 2003 and 467 pycnidia in 2013. 

 

Figure 5. (A) Initial (Ini.) infestation and final (Fin.) infestation of STB at the trial location of every 

year of the survey. (B) Temperature (red) and precipitation (blue) during leaf wetness periods over 

24 h (light), 36 h (medium), and 48 h (solid) in four categories (temperature < 5 °C, 5–10 °C, 10–15 

°C, and 15–20 °C; precipitation <4 L/m2, 4–8 L/m2, 8–12 L/m2, 12–16 L/m2, and 16–20 L/m2), and (C) 

 

ha 
  Ini. infestation (GS 30) 

  Fin. infestation(GS 77) 

Growth stage periods:  GS 32 – 37,  GS 37 -69,  GS > 69; RWAUDPC:  (n- pycnidia) 

Infectious periods: Temperature:  24 h,  36 h,  48 h, precipitiation:  24 h,   36 h,   48 h 

n 

pycn. 

19
96

 

100 
   

100 

 A   B                    C 3000 
 

0 
19

97
 

100 
   

100   

3000 
 

0 

19
98

 

100  

100   

3000 
 

0 

19
99

 

100  
   

100   

3000 
 

0 

20
00

0 100  
   

100   

3000 
 

0 

20
01

 

100 
   

100   

3000 
 

0 

20
02

 

100 
   

100   

3000 
 

0 

20
03

 

100 
   

100   

3000 
 

0 

20
05

 

100 
   

100   

3000 
 

0 

20
06

 

100 
   

100   

3000 
 

0 

20
07

 

100 
   

100   

3000 
 

0 

20
08

 

100 
   

100   

3000 
 

0 

20
09

 

100 
   

100   

3000 
 

0 

20
10

 

100 
   

100   

3000 
 

0 

20
11

 100  
   

100   

3000 
 

0 

20
12

 100  
   

100   

3000 
 

0 

20
13

 100  
   

100   

3000 
 

0 

20
14

 100  
   

100   

3000 
 

0 

20
15

 100  
   

100   

3000 
 

0 

20
16

 100  
   

100   

3000 
 

0 

20
17

 100  
   

100   

3000 

0 

20
18

 100  
   

100   

3000 

0 

20
19

 100 
   

100   

3000 

0 

20
20

 100 
   

100   

3000 
  

0 

20
21

 100 
   

100   

3000 
 

0 

           May                  June   July  

Figure 5. (A) Initial (Ini.) infestation and final (Fin.) infestation of STB at the trial location of every
year of the survey. (B) Temperature (red) and precipitation (blue) during leaf wetness periods over
24 h (light), 36 h (medium), and 48 h (solid) in four categories (temperature < 5 ◦C, 5–10 ◦C, 10–15 ◦C,
and 15–20 ◦C; precipitation < 4 L/m2, 4–8 L/m2, 8–12 L/m2, 12–16 L/m2, and 16–20 L/m2), and
(C) disease severities of STB (grey area) in combination with plant growth stages from the months
May, June, and July.

Figure 5B shows the temperatures and precipitations within 24–35, 36–47, and
≥48 h periods with leaf wetness ≥ 98%. Over the 25-year survey, 94 STB infection periods
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were observed in the months of May, June, and July, which correspond to an average of
3.76 infection conditions per year. Only in 1996 was a period of more than 24 h and less
than 36 h observed in the three months shown. In contrast, periods with 36 h of leaf wetness
≥ 98% were observed 25 times (1.48 periods per year), and periods with more than 48 h
of leaf wetness ≥ 98% occurred 56 times (2.24 periods per year). In May, 52 periods were
observed, 36 periods were observed in June, and 3 periods were observed in July. Over
the years, the number of infectious periods in May were consistent, whereas the number
of infectious periods of STB in June increased from 1996 to 2021. The regression analysis
showed a non-significant (p = 0.65) annual increase of 0.03 infections (y = 0.031x + 3.24).
This was primary based on the non-significant (p = 0.15) increase in infections in June
(y = 0.044x + 0.86), whereby the infections in May remained at a constant level
(y = 0.009x + 1.96). Furthermore, in 1998, 2008, and 2018, no periods with leaf wetness
≥ 98% of more than 24, 36, and 48 h were observed within growth stages 32 and 77, and
apparently, STB did not occur on the three uppermost leaf layers. The relationship between
the severity of STB on the three uppermost leaf layers and the number of infection periods
is at a minor level with an R2 of 0.18. In Figure 5A, an initial infestation of STB was shown
in every year of the survey; consequently, an initial inoculum was consistently present
at the site during the period. Therefore, a progressive epidemiological development of
the disease throughout the growing season in every year was possible. As the number of
infectious periods does not explain the annual final infestations, the timing of the infectious
conditions was analysed. In particular, the years 2012 and 2013 showed different numbers
of infectious periods (four and six) with similar final STB infestations of 1654 and 1941 pyc-
nidia, respectively. In both years, four infections occurred after GS 32, which is a possible
explanation for the similar final infestations.

In Figure 5C, the course of the total disease severity during the annual growing
seasons of the three uppermost leaf layers is shown in n-pycnidia. Therefore, the STB
disease severities increased with conducive conditions when the observed leaf layers were
visible (GS > 32). From 1996 to 2021, the required duration of leaf wetness for a successful
infection, with a subsequent concomitant increase in disease severity, decreased from 48 h
to 36 h. In particular, two infections occurred in 2000: the first on the 28th of May, with a
leaf wetness duration of more than 36 and less than 48 h, and one on the 8th of June, with a
duration of more than 48 h. An increase in disease severity was only observed after the
second (longer) infection. In 2020, two infections also occurred at the location. The first
was on the 7th of June, with a leaf wetness duration of more than 48 h, and the second was
on the 26th of June, with a duration of more than 36 h. In contrast to 2000, both infections
showed an increase in disease severity.

As conducive conditions shifted to later seasonal dates, it can be assumed that the
corresponding temperature during the infection period increases with seasonal change.
At the observed location, the multiannual temperature average from 1991 to 2020 was
3.1 ◦C higher in June (15.3 ◦C) than in May (12.1 ◦C). Considering the weather conditions
during the infection, as shown in Figure 5B, an increase in temperature was observed
during the survey period. The regression analyses showed an estimated total increase
during the infection period of 1.2 ◦C from 1996 to 2021 (Figure 6). This equates to an
annual temperature increase over the survey period of 0.1 ◦C. In contrast to temperature,
the regression analysis showed an estimated seasonal decrease in precipitation during
the infection periods of 3 L/m2, which equates to an annual decrease of 0.1 L/m2 from
1996 to 2021. Compared with the temperature, a significant increase in variation in the
precipitation during the infection periods was observed during the survey.
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Figure 6. Average temperature (◦C; red dots) and total precipitation (L/m2; blue dots) during the
annual infection periods and estimated temperature (red line) and precipitation (blue line) of the
regression analysis.

4. Discussion

Septoria tritici blotch (STB) is one of the most important foliar diseases in global wheat
production and is responsible for yield losses in all growing areas, particularly in maritime
climates [1,3,10,23]. The occurrence of associated foliar diseases complicates the assessment
of the progression of a single disease in the field [12,24,25]. In our field study, STB was the
only disease observed at the trial site. Based on epidemiological data, the trial location was
well suited for assessing the influence of climate change on the disease progression of STB.
This was particularly due to the consistent epidemics of STB at the trial location and the
absence of other foliar diseases. In our study, there was a significant increase in the severity
of STB during the survey period at the representative trial location.

A possible explanation for the increased disease pressure of STB is that the pathogen
has potentially adapted to the cultivar selected, as described by McDonald and Mundt [26].
In contrast, Prahl et al. [27] showed in a comparable study with two different susceptible
cultivars, “Ritmo” (moderate to highly susceptible) and “RGT Reform” (moderately sus-
ceptible), that high disease severities were also observed in the less susceptible cultivar
“RGT Reform”. In addition, the used cultivar “Ritmo” has become less important in the
agronomic practices of the trail area during the long-term survey, so “Ritmo” was barely
grown in the region during the last decade of the survey. An adaptation of the pathogen
to the cultivar used is, therefore, rather improbable. However, the consistent use of the
cultivar “Ritmo” is a possible explanation for the increased disease severity during the
survey period but does not explain the intensity of the STB progression during the survey.

A similar study using epidemiological data conducted by Volk et al. [28] predicted
an increase in disease severity of STB in Western Germany by 2050, by using the empiric-
statistical method “WettReg” (based on SRES-Scenario A1B). In contrast, a study by Gou-
cahe et al. [29] predicted a decrease in the disease severity of STB by 2–6% in France. A
significant uncertainty in the predicted development was mentioned, in particular the prob-
ability of STB disease severity increasing rather than decreasing was 45% for the coastal
location of the study.

Although the correlation between the disease severity and the weather parameters
temperature, precipitation, and leaf wetness (R2 = 0.19, R2 = 0.31, R2 = 0.28, respectively)
was on a minor level, an influence of the prevailing weather condition was observed.
As shown in the case study, precipitation with prolonged leaf wetness is essential for a
successful infection (germination, growth of infection hyphae with appressorium devel-
opment, and stomatal leaf penetration). Therefore, 3 L/m2 of precipitation is sufficient
to transport the inoculum and a 36 h period of leaf wetness is sufficient to complete the
infection. An increase in precipitation above 3 L/m2, or an extension of the leaf wetness
period, is not a determinant of the expression of the corresponding infection [22]. The
prevailing temperature, as it is not under 6.0 ◦C, is not involved in the success of the
infection but determines the expression of the respective infection [11,30,31]. As shown by
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Henze et al. [5], the direct influences of temperature, precipitation, and leaf wetness on
the disease development were confirmed in Northern Germany. Chungu et al. [11] also
showed a direct influence of the prevailing temperature on the development of STB in
Manitoba, Canada. The influence of the prevailing climatic conditions was also confirmed
by the change in the requirement for successful infection. As it was shown, in the first half
of the study, a leaf wetness ≥ 98% with a duration of ≥48 h was necessary for a successful
infection with a subsequent increase in disease severity [4,32], whereas in the second half of
the study, a reduced period of leaf wetness ≥ 98% with a duration of 36–48 h was necessary
for a successful infection [5]. However, a seasonal extension in conducive STB conditions
from May to June was investigated at the trial site. Therefore, an increase in conducive
conditions of STB was observed for the entire growing season and, in particular, for the
month June. This seasonal extension explains the increase in infestation during the survey
period, as the average temperature in June (15.3 ◦C) was 3.1 ◦C higher than that in May
(12.1 ◦C) [14]. Beyer et al. [33] showed that increasing temperatures shortened the latency
period between infection and epidemic outbreak. Shorter latency periods ensure that new
STB pycnidia develop more quickly. Under increased temperatures, a stronger and faster
epidemiological disease dynamic of STB can be expected. Even though climate change
has so far only had a marginal influence on the temperature in the growth period, the
seasonal expansion (periods of high precipitation in later months) has led to an increased
temperature at the time of infection. Consequently, later STB infections occurred under
warmer conditions, with an increased epidemiological potential [31,34,35].

According to the IPCC special report (SR) [7], the global temperature increase since
1881 has been about 1.0 ◦C, with regional temperature changes differing from the global
average. In Germany, the increase has been about 1.5 ◦C [36], due to higher temperatures
after the year 2000. Climate change simulations suggest that this trend will continue, even
without the projected reductions in greenhouse gas emissions. Jacob et al. [37] simulated
an increase in air temperature (based on the period from 1971 to 2000) in Europe of 1.0 to
4.5 ◦C by the end of this century under the IPCC Representative Concentration Pathway
(RCP) 4.5 scenario [38] or from 2.5 to 5.5 ◦C under the RCP 8.5 scenario. In contrast,
the temperature of the coastal regions of Germany, the Netherlands, and France will be
less affected by climate change. The German National Meteorological Service (Deutscher
Wetterdienst) predicted a regional temperature increase of 0.2 to 0.5 ◦C from 2021 to 2031
based on average temperatures from 1991 to 2020 [39]. Contrary to the predictions, no
direct temperature increase was observed during the 25-year survey period. According
to the IPCC SR [7], a general increase in the risk of weather phenomena (e.g., heat waves
and droughts) has been predicted, which is consistent with our results, in the form of an
increased variance in the measured temperature during the survey period at the trial site.
As shown in our study, the initial infestation is of minor importance for the epidemiological
development of STB. Consequently, it is not only the regionality of the climate but also the
seasonality of the climate that are of major interest. In particular, the climate during spring
(April to June) determines the epidemiological behaviour of STB [1,40,41]. Consistent with
our results, seasonal and regional simulations showed an increase in precipitation during
spring in Northern Europe [42–44]. In contrast, the same simulations also predicted an
increase in temperature, which was not observed in our study. In conclusion, there is an
influence of climate change on the disease progression of STB. Furthermore, if temperature
and precipitation follow the trend shown, an increase in the severity of STB can be expected.

Assuming that epidemics of other diseases occur at this location, interactions between
the occurring foliar diseases are possible, as described by Jesus Junior et al. [12]. As shown
by Klink et al. [3], leaf rust competed primarily with STB in a long-term survey in a similar
region. However, leaf rust was not recorded consistently from year to year. As described
by Garin et al. [24], leaf rust and STB compete for the same leaf area, with STB inhibiting
leaf rust development but leaf rust not inhibiting STB development under current weather
conditions. By shortening the rust latency period (e.g., due to increased temperatures),
leaf rust was more competitive. Furthermore, a strongly reduced growth rate of STB
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was observed when the temperature exceeded 25 ◦C under laboratory conditions [31]. In
contrast, Klöhn [22] was able to show that increasing temperatures correlated linearly with
the leaf wetness duration required for a successful infection by STB. However, the seasonal
mean temperatures in Northern Europe are significantly lower than those described by
Chaloner [31] and Klöhn [22], and it is therefore expected that STB remains the most
dominant disease in Northern Europe under maritime conditions.

Fungal disease management in wheat is mainly based on fungicides, which are pri-
marily used to control STB. Consequently, it can be expected that the amount of fungicides
needed for proper disease management in wheat will increase as STB disease pressure in-
creases in the future and if current practices are maintained [27]. In addition, Birr et al. [45]
and Klink et al. [46] observed a shift in the sensitivity of STB to most of the available
fungicides from 1999 to 2020. The increased disease pressure and the reduced sensitivity to
fungicides threaten future yields of wheat production. In the European Union, pesticides
are of growing concern to the general public. Due to public concern, the EU is trying to re-
duce the amount of pesticides used through regulations such as the reduction in authorised
active substances by the ever-expanding list of candidates for substitution [47].

Additionally, the EUs plan ‘Regulation of the European Parliament and of the Coun-
cil on the sustainable use of plant protection products and amending Regulation (EU)
2021/2115′ envisions a 50% reduction in total pesticide sales by 2030 [48]. Taking into
account the aforementioned increase in STB disease pressure and reduced fungicide sen-
sitivity, combined with European Union regulations, yield losses due to STB in common
practice can be expected to increase beyond the 5–10% of Fones and Gurr [1]. In conclusion,
this will lead to a greater reliance on genetic resistance in wheat cultivars. Although several
resistance genes are currently known [49,50], resistant individual wheat cultivars with
sufficient yield are currently unavailable. The durability of the resistant cultivars is also
questionable, especially if the disease pressure increases [51]. An interesting approach is to
use a mixture of cultivars to extend the lifetime of resistance sources due to heterogene-
ity [52,53]. In general, appropriate agronomic production techniques, such as proper crop
rotation, tillage systems, or cultivars, will not suppress STB sufficiently.

In summary, the disease severity increased significantly at the representative location.
Therefore, the prevailing weather conditions, in particular temperature and precipitation,
changed within the survey period. Additionally, a seasonal expansion of infectious periods to
advanced dates of the growing season was observed. Consequently, the infections occurred
under higher temperatures, which might have led to the increased disease progression.

5. Conclusions

The sustainable production of wheat, the most important crop in the EU, is primary
threatened by foliar diseases, especially Septoria tritici blotch (STB). During the 25-year sur-
vey period, a significant increase in STB disease severity was observed at a unique location
without accompanying diseases in a maritime climate. The epidemiological development
of STB is highly dependent on conducive weather conditions during the growing season.
In particular, a seasonal expansion of STB-conducive weather conditions during the critical
growing season from May to June was observed. Due to the higher temperatures and
constant precipitation in the advanced growing season, an enhanced disease dynamic of
STB was observed from 1996 to 2021. As STB disease progression is highly dependent on
the prevailing weather conditions, changes in climate, e.g., global warming, have a major
impact on the disease progression of STB. In particular, climate change can influence the
disease dynamic of STB, particularly if spring temperatures and precipitation increase, as
predicted by several climate simulations. Under this assumption, STB will become a bigger
issue than it already is, and the control of STB will be a major challenge for agronomic
practices in maritime climates. Therefore, the use of integrated approaches for disease
management are effective, as the disease pressure is evenly distributed across all agronomic
practices, including the proper use of pesticides.
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