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Abstract: A CSM-CERES-Beet pest damage routine was modified to simulate the impact of Cercospora
leaf spot disease effects on sugar beet yield. Foliar disease effects on sugar beet growth and yield
were incorporated as daily damage to leaf area and photosynthesis, which was linked to daily
crop growth and biomass accumulation. An experiment was conducted in Southwest Germany
(2016–2018) with different levels of disease infection. Data collected included time-series leaf area
index, top weight, storage root weight and Cercospora leaf spot disease progress. The model was
calibrated using statistical and visual fit for one treatment and evaluated for eight treatments over
three years. Model performance of the calibration treatment for all three variables resulted in
R2 values higher than 0.82 and d-statistics higher than 0.94. Evaluation treatments for all three
observation groups resulted in high R2 and d-statistics with few exceptions mainly caused by weather
extremes. Root mean square error values for calibration and evaluation treatments were satisfactory.
Model statistics indicate that the approach can be used as a suitable decision support system to
simulate the impact of observed Cercospora leaf spot damage on accumulated above-ground biomass
and storage root yield on a plot/site-specific scale.

Keywords: Cercospora leaf spot in sugar beet; Cercospora beticola; CSM-CERES-Beet; decision support
system

1. Introduction

The EU is the largest producer of sugar beet (Beta vulgaris L.) in the world with approximately 50%
of global production [1]. Approximately 20% of global sugar is produced from sugar beet [1]. The sugar
beet industry plays a very important role in the EU rural and agricultural economy and as such requires
studies for increasing competitiveness of the sugar beet crop. Due to the abolishment of the production
quotas, the EU farmers have increased sugar beet production. In 2017, cultivated area used for sugar
beet production increased by 17.2% compared to 2016 [1]. The EU-28 production quantities of sugar
beet in 2017 was 27.3% higher than in 2016 [1]. In 2018, sugar beet sown area was 1.2% lower when
compared to the previous year with harvested sugar beet being 16.5% lower [1]. The sudden drop in
harvested amount of sugar beet was very likely caused by recorded drought conditions and not quota
abolishment related price volatility [1]. Based on the general economic theory with market defined
prices, more volatility is to be expected in sugar beet pricing, which will affect production quantities in
the EU. The increase in sugar beet production in 2017 led to a fall in prices by an average of 5.4% in
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real terms when compared to the prices from 2016 [1] and because of this, improved management of
production resources might help to mitigate the impact on sugar beet production profitability.

Cercospora beticola (Sacc.) is a leading leaf pathogen affecting sugar beets in Germany [2].
Economic consequences of Cercospora leaf spot in sugar beet are evident and quantifiable in the
context of storage root yield and extractable sugar losses as reported by Shane et al. [3]. Shane et al. [3]
reported that sugar loss due to reductions in storage root and sugar concentration had more impact
on dollar return than sugar loss to molasses due to impurities. The Cercospora leaf spot (caused by
Cercospora beticola) has a significant influence on sugar beet yield, causing up to 30% yield losses [2].
Economically less significant sugar beet leaf diseases in Germany are caused by Ramularia beticola,
Uromyces betae, and Phoma betae, which are normally not treated with specific fungicides, as some
appear later in the growing season and/or are slow to develop [2].

Crop growth models were developed as a tool to help researchers and farmers understand
how genetics, environment and management impact daily crop growth and yield. They have been
used to identify crop management practices [4], and the impact of climate change on yield [5].
However, most crop growth models do not simulate the impact of pest damage on crop growth and
yield [6,7]. One of the earliest efforts to simulate Cercospora leaf spot effects on yield was undertaken by
Bourgeois [8], based on the peanut crop growth (PNUTGRO) model [9]. Similar efforts for evaluating
disease effects on photosynthesis and yield estimates were performed by Nokes and Young [10]
and Batchelor et al. [11].

The CERES-Beet (Crop Environment Resource Synthesis-Beet) model developed by Leviel [12]
simulates growth and development processes of sugar beet. It has been tested using data from
France, Romania [13], and North Dakota, USA [14]. Anar et al. [14] modified the CERES-Beet model
of Leviel [13] and incorporated it as the CSM-CERES-Beet (Cropping System Model) model in the
Decision Support System for Agrotechnology Transfer 4.6 (DSSAT4.6). A model comparison of five
sugar beet crop models showed that the CERES model provided overall good simulations of plant
growth and yield, based on the evaluation criteria that consisted of: relative root mean square error,
model efficiency coefficient and yield prediction error [15]. The CSM-CERES-Beet model was improved
and successfully tested with additional data from North Dakota, USA (2016–2018) and made available
within GitHub DSSAT 4.7 release [16–18]. The CERES-Beet and the CSM-CERES-Beet models are
derivatives of the CERES-Maize model [19]. The CERES-Maize model is deterministic and simulates
different phenology events of the crop, including growth rates and biomass partitioning among crop
organs (roots, stem, leaves and kernels) on a daily basis [20]. The model requires a minimum of four
different daily weather input variables (solar radiation, minimum temperature, maximum temperature,
and precipitation), crop management practices (sowing date, plant population density and fertiliser
amounts) and crop cultivar characteristics (genetic coefficients). The CSM-CERES-Beet considers sugar
beet as an annual crop for beet production purposes and classifies the phenology into five events:
sowing, germination, emergence, vegetative phase, and harvest. The CSM-CERES-Beet model did not
include leaf disease damage.

The objectives of this study were to: (1) to develop a method to simulate the impact of observed
Cercospora leaf spot disease on sugar beet yield and sugar content using the CSM-CERES-Beet
model, (2) to evaluate the leaf disease model with three years of observed data from Southwest
Germany, (3) to evaluate sugar yield based on the measured storage root dry matter (DM) quantities in
defined plots.

This is an extended version of the conference paper published and presented at the 12th European
Precision Agriculture Conference in Montpellier, France 2019 as preliminary work under the title
“Extending the CERES-Beet model to simulate leaf disease in sugar beet”, Memic et al. [21].
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2. Materials and Methods

2.1. Field Experiment Description and Data Collection

In 2016–2018, field experiments were conducted at three different fields located at Ihinger
Hof, Agricultural Research Station of Hohenheim University (30 km from Stuttgart, latitude: 48.666,
longitude: 8.967, elevation: approximately 490 m). Weather data (solar radiation, rainfall, minimum and
maximum temperature) for model simulations were collected from a local station 200–600 m away
from the fields. According to the World Reference Base [22], experimental soils can be characterized as
vertic Luvisol and vertic Cambisol. Organic carbon was assumed to be on average 3.8%, based on
historic site measurements recorded at the research station over multiple years (unpublished).

In 2017, after sugar beet had been planted, temperatures dropped below 0 ◦C (Figure 1). Sugar beet
in the field managed to recover, but in the model, low temperatures had a significant influence on the
simulation of the crop emergence and early growth as can be seen in the results section.
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Figure 1. Daily minimum temperatures (Min Temp) (◦C) observed at the weather station near to the
sugar beet field experiment (2016–2018).

In 2018, drought was recorded in the region as can be seen from seasonal cumulative rain curves
shown in Figure 2, and the impact on simulated sugar beet growth was not entirely captured by
the model.

The sugar beet cultivar BTS940 (Betaseed GmbH, 60,325 Frankfurt am Main, Germany),
a Rhizomania tolerant cultivar moderately susceptible to Cercospora beticola, was planted in all
experiments. In 2016, sugar beet was sown on 29 April 2016 (120th day of the year) and harvested
177 days after planting. In 2017, sugar beet was sown on 4 April 2017 (94th day) and harvested 184 days
after planting. In 2018, sowing took place on 18 April 2018 (108th day) and sugar beet was harvested
169 days after planting. Furthermore, 107.000 seeds ha−1 were planted in 2 cm depth with Khun
Maxima precision seed drill, with an inter-row spacing of 50 cm and intra-row spacing of 19 cm.

In 2016, five different fungicide levels, consisting of 0, 25, 50, 75 and 100% of the recommended
rates, were applied. The fungicide Spyrale (Syngenta Agro, Basel, Switzerland) was applied twice
(according to the application recommendation), first at the beginning of August and second three weeks
later. For the 100% fungicide treatment, 1 L of Spyrale was solved in 350 L water for application per
hectare. Treatments 75, 50, and 25% consisted of 0.75, 0.5, and 0.25 L, respectively. Fungicide levels 0,
50 and 100% were investigated in order to estimate level of disease leaf area within the plots (defined as
plot-specific units). Respected repetitions for investigated treatments were averaged in order to get
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robust model evaluation values across different treatments. The plots were fully randomised with
three replications in 2016. Observed values used for the simulations were the mean values of the three
repetitions. Total plot size was 576 m2 (24 × 24 m) in 2016. Plots were evenly divided into sampling
and harvesting areas.
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Figure 2. Cumulative rain (mm) observed at the weather station near to the sugar beet field
experiment (2016–2018).

In 2017 and 2018, the treatment consisted of different amounts of Cercospora beticola inoculum per
plot named as 0% inoculum (no inoculum) and 100% inoculum (with inoculum), with 4 replications in
both years. Inoculum was collected at the field in 2016 and 2017. The number of Cercospora beticola
spores was analysed in the laboratory. In both years, 1 g m−2 of inoculum was applied with a rate
of 5.35 × 106 spores g−1 in the 100% inoculum treatments with Massey Ferguson (90 horsepower)
at 4.5 km h−1 with 12 m wide sprayer. The sugar beets in the plots were first wetted with 400 L ha−1

and then an inoculum semolina mixture was spread. In 2017, plot size was 96 m2 (12 × 8 m) and in
2018, 192 m2 (24 × 8 m). Emergence rate was 7.5 beets m−2 in 2016, 9 beets m−2 in 2017 and 8 beets
m−2 in 2018. In 2016, within a week after sowing, 130 kg N ha−1 was applied on the field as calcium
ammonium nitrate (CAN, 27% N). In 2017, 150 kg ha−1 and in 2018 140 kg ha−1 was applied as CAN
(27% N) within a week after sowing.

During the growing seasons, leaf area index (LAI) was measured every two weeks
non-destructively using an LAI 2000 (LICOR Inc., Lincoln, NE, USA), by taking one reference
measurement above the canopy and four measurements within the canopy. Top weight (leaves and
petiole separately) and storage root weight were sampled in two to four week intervals during the
growing period (2016–2018). For each storage root, sampling date, sugar yield was measured as percent
of storage root dry matter. Each sampled beet (storage root) was cut in half, where one half was used
for determining sugar content and the other half for nitrogen analysis. The sugar content was analysed
according to the polarisation method [23].

Leaf disease ratings were conducted for Cercospora leaf spot, after canopy closure
(approximately 90% of leaves from one row were touching those in neighbouring rows), starting at the
end of June in each year. Minor incidents of Ramularia beticola and Pseudomonas syringae pathogens were
observed in inspected plots. The damage caused by these two pathogens was minor, when compared
to Cercospora beticola. Every 2–3 weeks, 10 middle leaves (long-term leaves) were inspected from
10 plants in 2016 (three plot repetitions), 4 plants in 2017 (four plot repetitions) and from 5 plants in
2018 (four plot repetitions) per plot, mostly as part of destructive sampling. Based on the diseased
leaf area, plot-specific leaf area disease progress (%) was recorded (Table 1) and used as input for the
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model. Model calibration was conducted on the 2016 100% fungicide treatment. The remaining data of
2016 were used in addition to the treatments of the years 2017 and 2018 for model evaluation.

Table 1. Observed Cercospora leaf spot, as leaf area disease progress (%), on indicated days after
planting (DAP) for three different fungicide treatments: 0%, 50% and 100% in which 0, 0.5, and 1 L ha−1

of Spyrale fungicide was applied, respectively, and 0% and 100% inoculum treatments in which 0 and
1 g m−2 of inoculum was applied, respectively.

Year DAP Cercospora Leaf Spot Leaf Area Disease Progress (%)

2016

0% fungicide 50% fungicide 100% fungicide
63 0 0 0
83 3 3 1

103 13 20 20
125 22 21 24
138 47 25 22
152 48 33 33
177 48 33 33

2017

0% inoculum 100% inoculum
106 0 0
127 18 46
140 56 74
169 92 100
184 92 100

2018

0% inoculum 100% inoculum
106 0 0
119 1 7
126 46 52
133 49 57
147 75 79
154 100 100
169 100 100

2.2. Leaf Disease Damage Coupling Points

The CSM-CERES-Beet model [12,18] inherited pest coupling points for simulation of many types
of pest damage. Currently, there are four approaches for applying foliar damage through pest coupling
points that reduce daily state variables or growth rate processes: (1) daily absolute damage rate,
(2) percent observed damage (measured by comparison of different treatments), (3) daily percent
damage rate, and (4) daily absolute damage rate with preference and competition [11]. The existing
pest damage module structure in the DSSAT (Figure 3) was used for simulating Cercospora leaf spot
impact on plant growth and yield by means of “daily percent damage rate (no. 3)”. This method was
selected for introducing the damage caused by Cercospora leaf spot disease because it showed the
required flexibility and reliability using the collected data. In combination with linear interpolation
(between two in-season observations), the chosen approach provided acceptable results based on the
model evaluation criteria described in the Results section.

Figure 3 shows the simplified modular structure with a minimal input data approach hypothetically
required for evaluation of leaf disease impact on crop yield. The crop model simulates in-season crop
growth and yield, which is then reduced by yield limiting factors such as leaf disease through the
reduction in cumulative leaf area in the pest module (Pest.for) and damage calculated in the vegetation
damage sub-module (VEGDEM.for) (Figure 3). In-season above- and below-ground accumulation rates
are defined in the crop model genetic coefficients input file (Figure 3) and through genetic coefficients
and above- and below-ground biomass in-season growth ratios, a direct connection is established
between leaf disease damage (in this case, Cercospora leaf spot) and storage root (yield) simulated in
the model. With this approach, Cercospora leaf spot damage does not have an instant effect on
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reduction in the storage root in the CSM-CERES-Beet model, but rather limits further storage root
growth due to reduced photosynthesis rates and the radiation use efficiency approach implemented in
the model. The disease damage passed into the model earlier had a more devastating effect on yield
when compared to the damage introduced later (high percentages close to harvest time).Agronomy 2020, 10, x FOR PEER REVIEW 6 of 19 
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Figure 3. Crop model inputs: experimental file, soil characterisation file, genotype file and daily
weather observations in the model with pest modular structure and vegetation damage coupling point.

The foliar disease Cercospora leaf spot was integrated into the model based on Equations (1) and (2),
where xit is the modified cumulative leaf area state variable after applying daily damage Di on cumulative
leaf area state variable Xi on day t.

xit = Xit −Dit (1)

The “percent of the cumulative leaf area” damage method was defined and selected in the crop
model pest file, as shown in Table 2. Based on the selected method, Cercospora leaf spot damage is
computed on a daily basis. The daily disease damage (WLIDOT) is subtracted from simulated plant
leaf area (PLA), Equation (2). SENLA in Equation (2) refers to growth related senescence, and LFWT is
simulated leaf weight dry matter based on the plant population (PLTPOP).

PLA = PLA−WLIDOT×
PLA− SENLA

LFWT× PLTPOP
(2)

Table 2. Information and format of the pest definition file for the CSM-CERES-Beet (Cropping System
Model-Crop Environment Resource Synthesis-Beet) model, used for defining coupling point and
damage method in the crop model programming code (BSCER047.PST).

No. PID 1 Method Name DM 2 CP 3 Coeff. 4

1 PCLA 5 Observed % defoliation 3 LAD 2.0
1 PID—leaf disease damage identifier. 2 DM—damage characterisation method: 1–4 (3—daily percent damage rates).
3 CP—coupling point identifier in the model. 4 Coeff.—damage application rates. 5 PCLA—percent cumulative
leaf area.
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For application of leaf damage caused by Cercospora beticola leaf pathogen, the model variables
“LAI” and “cumulative leaf area” were selected as the primary coupling points. LAI is calculated
from specific leaf area. Based on the calculations in the model and the direct relationship between
leaf area and LAI, applied damage will affect both cumulative leaf area and LAI, as LAI damage is
subsequently deduced based on cumulative leaf area damage. Leaf mass damage proportionally affects
leaf N concentration, photosynthesis and subsequently storage root dry mater. The daily crop growth
reduction rate computation is shown in Equation (3), where CARBO is daily biomass production and
DISLA is photosynthesis reduction due to leaf disease.

CARBO = CARBO×
[
1−

DISLA
PLA× PLTPOP

]
(3)

Manual estimates of Cercospora leaf spot leaf disease area progress (%) (or sensor-based leaf
disease area progress (%)) can be passed into the model as percent damage. Percent damage is
calculated in Equation (4):

Dit =
Rit

100
Xit (4)

where Rit is the observed percent damage applied to the coupling point on day t. The CSM-CERES-Beet
model simulates individual leaf development [12], and leaf area is computed based on leaf number
and leaf weight. Leaf disease severity is measured in the field and computed as an average per plant.
The model can simulate disease effects by entering observed leaf area disease progress levels in an
input file, which is used to simulate daily damage on leaf area and subsequently, light interception and
daily photosynthesis rate. This method computes cumulative leaf area damage rates between two
disease observation points from scouting and uses a linear interpolation (for simplicity) to convert
time-series scouting observations into daily damage. Disease progress interpolation between field
observation dates is computed in the model. The leaf disease damage method with damage rates
is defined in the pest definition file for DSSAT sugar beet model, BSCER047.PST (Table 2). A more
detailed description of the disease related model structure can be found in the recent publication on
leaf disease damage application in Cropsim-CERES-Wheat [6,7] and in Batchelor et al. [11].

Observed leaf disease percentages are passed into the model through the time-series file, called the
T-File (treatment file), which contains observed damage on each field scouting day. The leaf area
damage (LAD) method uses time series observations from the T-File to calculate percent leaf mass,
leaf N and leaf area damage based on the LAD formulation in the code. The function uses a coefficient
value of 2.0 to double the impact of necrotic leaf area on daily photosynthesis. The adapted damage
approach in the model was based on the principle of defoliation by insects. Only physically missing
leaf parts were reported in the model as observed damage affecting the overall photosynthetical
activity of the plant. For Cercospora leaf spot, the diseased leaf is still present and absorbs light, but
its photosynthetic activity is reduced. Jones et al. [24] reported that removal of the foliage (by 25%)
mechanically at the eight-leaf stage did not have an appreciable effect on storage root weight and sugar
content because leaves were able to re-grow and regain photosynthetic activity. Mechanically removed
leaves do not block the sunlight for remaining leaves.

3. Results

The genetic coefficients of the model were calibrated using the 2016 100% fungicide treatment
(the treatment, described in materials and methods section, in which 1 L of Spyrale was applied per
hectare), based on given regulations in Germany that limited the amount of fungicide to be applied.
The 100% fungicide application treatment was used to calibrate genetic coefficients, even though
there were some disease incidents in this treatment. For calibration, a two-step approach was used.
First, the genetic coefficients were calibrated assuming no disease was present, which helped us to
understand the magnitude of each genetic coefficient required for the model to fit measured growth
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data. Next, the observed disease levels were incorporated into the model and the genetic coefficients
were re-adjusted to attain the optimum calibration combination.

Genetic coefficients (Table 3) were manually adjusted to obtain the best visual and statistical fit,
based on the crop model evaluation criteria used in this study, between simulated and observed values
for LAI, top weight, and storage root. During the calibration process, each coefficient range was kept
within minimum and maximum values recommended for the model.

Table 3. Sugar beet cultivar specific genetic coefficients for CSM-CERES-Beet model (BTS940).

Definition Units BTS940

P1
Growing Degree Days from the seedling emergence
to the end of juvenile phase (juvenile group of leaves,

depending on the cultivar up to 15–20 leaves)

◦C-d 760.0

P2 Photo period sensitivity hr−1 0.0

P5 Thermal time from leaf growth to
physiological maturity

◦C-d 700.0

G2 Leaf expansion rate during leaf growth stage cm2 cm−2 d−1 420.0
G3 Maximum root growth rate gm−2 d−1 27.5

PHINT Phyllochron interval, the interval in thermal time
between successive leaf tip appearances

◦C-d 43.0

For the evaluation, two treatments from 2016 (0 and 50% fungicide treatments) and treatments from
2017 (0% and 100% inoculum level) and 2018 (0 and 100% inoculum level) were used. The calibrated
model was used to simulate LAI, top weight, and storage root dry weight.

For statistical evaluation (as model performance evaluation criteria) of the simulated results,
the coefficient of determination, the root mean square error (RMSE) and the d-statistics (index of
agreement) were used. RMSE was used to estimate the deviation between measured (xi) and simulated
(yi) values in the same unit (absolute measure of fit) Equation (5).

RMSE =
√∑

(yi − xi)
2/n (5)

Model performance was evaluated with the index of agreement (unitless measure), because it
is more sensitive to larger deviations than smaller, due to the calculation of the difference between
simulated and observed as squared values by Equation (6), as described in Yang et al. [25].

d = 1−
∑

(yi − xi)
2/

∑(∣∣∣yi − x
∣∣∣+ ∣∣∣xi − y

∣∣∣)2
(6)

Variation range of the index of agreement is 0.0–1.0, and values closer to 1 indicate a better fit.

3.1. Calibration Results

Calibration results are shown as time series graphs (Figures 4 and 5). As Cercospora leaf spot
disease was introduced as damage on cumulative leaf area per plot, top and storage root weight were
considered as important indicators of the overall model performance. In Figure 4, LAI (a) and top weight
(b) are shown with observed values, and storage root yield in Figure 5. The model gave reasonably
good estimations, based on the model evaluation criteria with high R2 and d-stat. and relatively low
RMSE of observed data, as can be seen from figures and statistics in Table 4. For LAI, top weight,
and storage root weight (DM) R2 were >0.82 and d-statistics > 0.94 (Table 4). Even though RMSE for
storage root was 1696 kg ha−1, it is not an indicator of bad model performance due to the existence of
two large deviations from the observed time-series trend (Figure 5, Table 4). The dip in the simulation
curve of top weight (Figure 4b) on the 140th day after planting was not caused by Cercospora leaf spot
disease damage integration as can be seen from the disease-free curve (“no-dis” sugar beet growth
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simulated with current genetics without disease ratings being included in simulation process—(red)
dotted line), but a result of a structural issues within the model.
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Figure 4. Simulated and observed values (2016: 100% fungicide) with Cercospora leaf spot ratings
included in the simulation results: (a) leaf area index (LAI); (b) top weight (DM t ha−1) for the calibration
treatment with sugar beet growth simulated with current genetics and without Cercospora leaf spot
disease ratings being included in the simulation process as “no dis” treatment.
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Figure 5. Simulated and observed values (2016: 100% fungicide) with Cercospora leaf spot ratings
included in the simulation results: storage root weight (DM t ha−1) for the calibration treatment with
sugar beet growth simulated with current genetics and without Cercospora leaf spot disease ratings
being included in the simulation process as “no dis” treatment.
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Table 4. Detailed statistics for simulated and observed values of LAI (m2 m−2), top weight (DM) kg ha−1,
and storage root weight (DM) kg ha−1 for the calibration treatment (100% fungicide in 2016).

Year Variable Treatment R2 RMSE d Stat. Total Obs. 1

2016
LAI 100% fungicide 0.87 0.52 0.95 14

Top weight 100% fungicide 0.82 686 0.94 7
Storage root 100% fungicide 0.95 1696 0.99 9

1 Total Obs.—number of in-season observations used.

Detailed views of the measured data and the effects of disease levels on the calibration treatment
(100% fungicide in 2016) are shown in Figure 6. Cercospora leaf spot disease impact on sugar beet
growth was demonstrated with manually measured data with corresponding impacts on top weight
(primary y axis) and storage root (secondary y axis) (Figure 6).
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Figure 6. Simulated and observed values with Cercospora leaf spot ratings included in the simulation
results: (y0 axis) top weight; (y1 axis) storage root weight and observed Cercospora leaf spot disease
ratings on specific dates, and sugar beet growth simulated with current genetics without disease ratings
being included in the simulation process as “no dis” treatment (100% fungicide in 2016) of top and
storage root weight.

3.2. Evaluation Results

In 2016, the 0 and 50% fungicide treatments were available for evaluating model performance.
For each evaluation treatment, 14 observations were available for LAI, seven for top weight and
nine for storage root. Simulated LAI, top weight and storage root curves showed fewer fluctuations
when compared among each other than observations on the same sampling dates across different
treatments (Figures 7 and 8). Simulated LAI was underestimated compared to observed values
(Figure 7a). Overall statistics (Table 5) and visual fit (Figure 7a) were adequate for rough estimates,
with d-statistics > 0.91. Top weight (Table 5, Figure 7b) had the same problem as in calibration
treatments after 140th day (the dip in simulation curve) but had a d-statistic > 0.92. Visual model fit
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for storage root (Figure 8) was good. Storage root R2 and d-statistics (Table 5) were very good with
exception of the RMSE.
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Figure 7. Simulated and observed values (2016) with Cercospora leaf spot ratings included in the
simulation results: (a) LAI; (b) top weight (DM t ha−1) for the evaluation treatments with sugar beet
growth simulated with current genetics and without Cercospora leaf spot disease ratings being included
in the simulation process as “no dis” treatment.
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Figure 8. Simulated and observed values (2016): storage root weight (DM t ha−1) for the evaluation
treatments with (0% fungicide, 50% fungicide) and without (‘no dis”) Cercospora leaf spot ratings
included in the simulation.
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Table 5. Detailed statistics for simulated and observed values of LAI (m2 m−2), top weight (DM) kg ha−1

and storage root weight (DM) kg ha−1 for the evaluation treatments 0% and 50% fungicide in 2016.

Year Variable Treatment R2 RMSE (kg ha−1) d Stat. Total Obs. 1

2016

LAI 0% fungicide 0.85 0.63 0.92 14
LAI 50% fungicide 0.80 0.63 0.91 14

Top weight 0% fungicide 0.85 565 0.95 7
Top weight 50% fungicide 0.74 751 0.92 7

Storage root 0% fungicide 0.94 2270 0.97 9
Storage root 50% fungicide 0.94 2362 0.97 9

1 Total Obs.—number of in-season observations used.

In 2017, the model simulated top weight and storage root well with the exception of the LAI.
LAI was only partially satisfying (Figure 9a, Table 6) due to over-estimation of observed values with R2

being 0.54, 0.81 and d-statistics 0.63, 0.83 for 0% and 100% inoculum treatment, respectively (Table 6).
Top weight (Figure 9b) and storage root (Figure 10) R2 and d-statistics were >0.96 with exception of top
weight d-statistics for 0% inoculum treatment being 0.74 (Table 6).
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Figure 9. Simulated and observed values (2017): (a) LAI; (b) top weight (DM t ha−1) for the evaluation
treatment with (0% inoculum, 100% inoculum) and without (“no dis”) simulated Cercospora leaf spot
disease damage included in the simulation.
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Table 6. Detailed statistics for simulated and observed values of LAI (m2 m−2), top weight (DM) kg ha−1,
and storage root weight (DM) kg ha−1 for the evaluation treatments 0% and 100% inoculum in 2017.

Year Variable Treatment R2 RMSE
(kg ha−1)

d Stat. Total Obs. 1

2017

LAI 0% inoculum 0.54 0.85 0.63 8
LAI 100% inoculum 0.81 0.72 0.83 8

Top weight 0% inoculum 0.80 747 0.74 4
Top weight 100% inoculum 0.96 402 0.96 4

Storage root 0% inoculum 0.93 2399 0.98 4
Storage root 100% inoculum 0.87 3124 0.96 4

1 Total Obs.—number of in-season observations used
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Figure 10. Simulated and observed values (2017): storage root weight (DM t ha−1) for the evaluation
treatment with (0% inoculum, 100% inoculum) and without (“no dis”) simulated Cercospora leaf spot
disease damage ratings included in the simulation.

Evaluation results for 2018 are shown in Figures 11 and 12 with corresponding statistics in Table 7.
In 2018, a drought period occurred in the region. The model did not entirely capture drought effects
causing minor over- and under-estimations of observed values. Still, the visual fit (Figures 11 and 12)
indicated a satisfactory performance supported with reasonably good statistics (Table 7), based on the
model evaluation criteria. R2 of 0.76 (0% inoculum treatment) and 0.70 (100% inoculum treatment)
were due to the over-estimation of LAI. LAI curve trend was simulated well, as can be seen in Figure 11a
and LAI d-statistics 0.87 and 0.84 for 0% inoculum and 100% inoculum treatment, respectively. The same
over-estimation of the observed values occurred for top weight dry matter (Figure 11b) with slightly
better R2 and d-statistics than for LAI (Table 7). Storage root dry matter simulation results (Figure 12)
were partially satisfying with under-estimation close to harvest time. For both treatments, storage root
dry matter R2 and d-statistics were >0.94 (Table 7).
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Figure 11. Simulated and observed values with Cercospora leaf spot ratings included in simulation
results: (a) LAI; (b) top weight (DM t ha−1) for the evaluation treatment with sugar beet growth
simulated with current genetics and without Cercospora leaf spot disease ratings being included in the
simulation process as “no dis” treatment.
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Figure 12. Simulated and observed values with Cercospora leaf spot ratings included in simulation
results: storage root weight (DM t ha−1) for the evaluation treatment with sugar beet growth simulated
with current genetics and without Cercospora leaf spot disease ratings being included in the simulation
process as “no dis” treatment.
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Table 7. Detailed statistics for simulated and observed values of LAI (m2 m−2), top weight
(DM) kg ha−1, and storage root weight (DM) kg ha−1 for the evaluation treatments 0% and 100%
inoculum in 2018.

Year Variable Treatment R2 RMSE
(kg ha−1)

d Stat. Total Obs. 1

2018

LAI 0% inoculum 0.76 0.57 0.87 9
LAI 100% inoculum 0.70 0.64 0.84 9

Top weight 0% inoculum 0.92 812 0.78 6
Top weight 100% inoculum 0.81 953 0.71 6

Storage root 0% inoculum 0.97 3045 0.94 6
Storage root 100% inoculum 0.99 3486 0.93 6

1 Total Obs.—number of in-season observations used.

3.3. Model-Based Yield Losses Evaluation Results

Sugar content was analysed for every sampling date, as described in the Methodology section.
Sugar content was measured as percent of dry matter within weeks before harvest (three samples each
in 1–2 weeks interval) and the average across all treatments (2016–2018) was 68% as shown in Table 8.

Table 8. Observed storage root weight (SRW) (DM) kg ha−1, sugar yield (SY) kg ha−1 and sugar content
as (%) of (DM) (Sc (%)) for three different fungicide treatments: 0%, 50% and 100% in which 0, 0.5,
and 1 L ha−1 of Spyrale fungicide was applied, respectively, and 0% and 100% inoculum treatments in
which 0 and 1 g m−2 of inoculum was applied, respectively.

DAY SRW
kg ha−1

SY
kg ha−1

Sc
(%)

SRW
kg ha−1

SY
kg ha−1

Sc
(%)

SRW
kg ha−1

SY
kg ha−1

Sc
(%)

2016

0% fungicide 50% fungicide 100% fungicide
138 15,241 10,171 67 16,153 10,625 66 18,319 12,438 68
152 16,768 11,343 68 15,005 9906 66 18,091 12,366 68
160 18,024 12,072 67 18,180 12,231 67 22,184 14,911 67

Avg. 67 66 68

2017

0% inoculum 100% inoculum
114 11,820 8233 70 10,461 7109 68
140 16,538 10,970 66 19,270 13,384 69
169 27,956 20,166 72 27,915 19,944 71

Avg. 69 69

2018

0% inoculum 100% inoculum
119 17,115 11,839 69 15,736 10,937 70
147 17,748 12,842 72 21,111 13,941 66
161 21,308 14,890 70 21,462 15,533 72

Avg. 70 69

In retrospect, sugar yield was quantified as percent of dry matter per experimental plot (Table 8)
and used for quantifying sugar yield in simulated dry matter. To simulate sugar yield losses
(SY loss, based on the measured sugar content percentage shown in Table 8), the model-based
storage root dry matter quantities (SRW) were evaluated by comparing the no disease treatment
(“no dis”—Cercospora leaf spot disease damage ratings not included in the simulation process)
and disease treatments (“dis”—with Cercospora leaf spot disease damage ratings included) based on
Equation (7) with results shown in Table 9.

SRW loss [DM] = SRW′nodis′[DM]− SRW′dis′[DM] (7)
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Table 9. Simulated storage root (DM) kg ha−1: disease free storage root (“no dis”—Cercospora leaf spot
disease ratings not included in the model input files), storage root simulated quantity with Cercospora
leaf spot disease ratings included in the model input files (“dis”) and storage root weight (SRW) losses.

Simulated Storage Root (DM) (kg ha−1)

DAY ‘No Dis’ ‘Dis’ SRW
Loss ‘Dis’ SRW

Loss ‘Dis’ SRW
Loss

2016

0% fungicide 50% fungicide 100% fungicide
63 478 478 0 478 0 478 0
83 3738 3728 10 3728 10 3735 3
103 8867 8776 91 8741 126 8759 108
125 15,565 15,269 296 15,202 363 15,207 358
138 17,983 17,636 347 17,645 338 17,655 328
152 20,802 20,221 581 20,291 511 20,307 495
177 22,506 21,232 1274 21,424 1082 21,440 1066

2017

0% inoculum 100% inoculum
106 2742 2742 0 2742 0
127 9792 9787 5 9779 13
140 12,577 12,529 48 12,456 121
169 21,108 20,481 627 20,145 963
184 28,518 26,068 2450 25,489 3029

2018

0% inoculum 100% inoculum
106 10,971 10,971 0 10,971 0
119 12,654 12,651 3 12,632 22
126 13,171 13,082 89 13,047 124
133 14,418 14,187 231 14,133 285
147 16,506 15,939 567 15,841 665
154 16,506 15,939 567 15,841 665
169 16,506 15,939 567 15,841 665

Sugar yield loss (SY loss kg ha−1) was then computed with Equation (8), by a sugar content (Sc)
of 68% (Table 8) based on the storage root losses (SRW loss) shown in Table 9.

SY loss = SRW loss [DM] × Sc[%] (8)

The results of simulated sugar yield loss (SY loss) based on the simulated storage root weight
loss (SRW loss) are shown in Table 10. In 2016, three fungicide application rates (0%, 50% and 100%)
resulted in different observed leaf disease percentages. Higher applied fungicide amount resulted
in lower disease damage and lower storage root loss and consequently lower sugar yield loss as
shown in Table 10. In 2017 and 2018, Cercospora beticola inoculum was mechanically spread as two
different treatments (0% and 100%) in order to cause additional leaf disease damage for investigating
the impact on above-ground biomass and storage root accumulation rates. Applied inoculum resulted
in higher observed leaf disease percentages that correlated with higher storage root losses (Table 10).
For modelling purposes, in-field leaf disease was observed for designated plots without investigating
direct relationships between observed leaf disease percentages and quantities of applied fungicide
and inoculum.
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Table 10. Simulated storage root weight (DM) losses (SRW) (kg ha−1) and corresponding sugar yield
losses (SY) (kg ha−1) at harvest as days after planting (DAY).

Year DAY Treatments SRW Loss (DM)
(kg ha−1)

SY Loss
(kg ha−1)

2016 177
0% fungicide 1274 866
50% fungicide 1082 735

100% fungicide 1066 725

2017 184
0% inoculum 2450 1666

100% inoculum 3029 2060

2018 169
0% inoculum 567 386

100% inoculum 665 452

4. Discussion

In 2017, sugar beet was planted at the beginning of April in a period with lower temperatures
(Figure 1). The model simulated the overall LAI pattern quite well. However, likely due to the lower
temperatures around emergence, the model did not simulate LAI growth correctly 20 to 30 days
after planting.

The Cercospora leaf spot leaf area disease progress (%) was capturing plot-based disease status
very well until leaf disease patches in the plots were observed (within days after leaf area disease
progress (%) = 100). Above that level, leaf area disease progress (%) did not reflect the severity of the
spread. During the study, Cercospora leaf spot patches were recorded on plot level. A further method
needs to be developed that compliments the approach (leaf area disease progress (%)), to enable the
user to add information on disease severity based on the observed Cercospora leaf spot disease patches.
This additional method will help to integrate Cercospora leaf spot disease severity information from
the point where leaf area disease progress (%) method of the middle 10 leaves (long-term leaves)
lose explanatory power, closer to harvest time.

When interpreting the results, many factors have to be included, such as the length of the growing
period, timing of Cercospora leaf spot occurrence and leaf area disease percentages. For example,
lower Cercospora leaf spot disease damage introduced earlier in the CSM-CERES-Beet model led to
higher reduction in above-ground biomass compared to higher leaf disease damage introduced in
the model closer to the harvest time. Sugar beet has the ability to produce new leaves throughout
its entire vegetative stage (in its first year). Depending on the soil and weather conditions, it can
“replace” lost leaves. Currently, the model does not account for this, as it is accumulating dry matter
on a daily basis.

The occurrence of Cercospora leaf spot disease depends on specific weather factors, as optimum
daily temperatures are 20 to 25 ◦C [2]. Cercospora leaf spot can occur at lower temperatures and a
broad range of humidity [2] and changing microclimates within a plant stand. It was observed in the
experimental field that Cercospora leaf spot often exhibited a patchy distribution later in the growing
season, close to harvest.

Reliable and timely assessments of Cercospora leaf spot occurrence and spread are the basis for
planning targeted plant protection activities in the field. Visual plant disease estimations by extension
officers is one way to collect these data, or leaf disease spread simulation models such as that developed
by Rossi and Battailani. Rossi and Battailani [26] used the CERCOPRI model to quantify the effects of
Cercospora leaf spot on sugar yield. Rossberg et al. [27] modified CERCOPRI in order to simulate
early Cercospora leaf spot epidemic’s impact on sugar beet growth and yield and to evaluate the
impacts of fungicide applications. Their work resulted in the development of CERCBET 1, which was
further improved by Racca et al. [28]. Other significant Cercospora leaf spot forecasting models are:
the leaf spot model for sugar beet [29], the integrated pest management system in Germany [2], and the
integrated surveillance of leaf disease in sugar beet [30]. All of these model development efforts
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were conducted in order to moderate application of chemicals based on the environmental conditions
combined with field scouting reports.

If crop growth models can be coupled in the future with suitable sensor technologies [31] or models
capable of predicting leaf disease occurrence based on the leaf disease favouring weather conditions,
their potential as decision support tools is enormous. Hyperspectral imaging can be used for analysis
of Cercospora leaf spot as shown in Leucker et al. [32]. More importantly, various aspects of the
crop growth and leaf disease dynamics and interactions can be investigated in detail. Using a crop
model, impact of soil profile (e.g., soil texture, soil water holding capacity, soil organic matter etc.)
and daily weather data (temperature minimum and maximum, precipitation, and solar radiation)
on overall crop growth can be investigated in more detail. With the ability to estimate growth limiting
factors and leaf disease effects, a detailed economic analysis can be conducted based on the detailed
field information included in the crop model analysis. With further development and improvement,
the CSM-CERES-Beet might be used as a decision support system, coupled with sensors capable of
quantifying Cercospora leaf spot diseases in sugar beet. Overall, further model developments are
needed as leaf disease severity information is used for the evaluation of sugar beet dry matter losses
per defined plot. Nevertheless, three years of observed data for this specific cultivar are not enough for
determining Cercospora leaf spot damage. There is a need to look at more than one cultivar and in a
greater diversity of fields and environmental conditions to further improve the models.

5. Conclusions

Field experiments were conducted over three years to develop and test the Cercospora leaf spot
disease subroutines for simulating the damage caused by Cercospora leaf spot disease in sugar beet
with CSM-CERES-Beet. Values for Cercospora leaf spot leaf area disease progress (%) were converted
into leaf disease damage rates (internally in the model) and applied to the selected disease coupling
point. Introducing leaf disease impact played a very important role in simulating storage root yield
and sugar content during the later sugar beet growing period and led to an overall better fit between
observed and simulated values when compared to the results where disease damage was not reported
or included. The approach can serve as a suitable decision support system to simulate the impact of
observed Cercospora leaf spot damage on accumulated above-ground biomass and storage root yield
on a plot/site-specific scale.
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