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Abstract

Dollar spot is a severe and widespread turfgrass disease. Ultraviolet-C (UV-C) light treat-
ment offers a promising management strategy, and its integration into autonomous mowers
could reduce fungicide use, promoting sustainable and efficient turfgrass management.
To ensure effectiveness and optimize intervention timing, monitoring is essential and hy-
perspectral sensing could represent a valuable resource. This study aimed to develop an
innovative approach for the early detection and integrated management of dollar spot
in bermudagrass by evaluating (i) the efficacy of an autonomous mower equipped with
UV-C lamps in mitigating infections, and (ii) the potential of full-range hyperspectral
sensing (350-2500 nm) for disease detection and monitoring. The autonomous mower
enabled UV-C treatment with a field capacity of 0.04 ha h™!, requiring 1.3 machines to
treat 1 ha day !, and a primary energy consumption of 55.06 kWh ha~! for a complete
weekly treatment. Full-range canopy hyperspectral data (400-2400 nm) enabled rapid,
non-destructive field detection. Permutational multivariate analysis of variance (PER-
MANOVA) detected significant effects of Clarireedia jacksonii (Cj; dollar spot pathogen)
and the Cj x UV-C interaction. Partial least-squares discriminant analysis (PLS-DA) sepa-
rated Cj+/UV+ and Cj+/UV— plots (Accuracy validation ~ 0.73; K ~ 0.69). Investigated
spectral indices confirmed Cj x UV-C interactions. Future research should explore how
to optimize UV-C application regimes, improve system scalability, and enhance the ro-
bustness of hyperspectral models across diverse turfgrass genotypes, growth stages, and
environmental conditions.

Keywords: integrated pest management; physical disease control; ultraviolet radiation;
early disease detection; autonomous mowers; bermudagrass; spectral indices; vegetation
spectroscopy
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1. Introduction

Dollar spot is a major and globally prevalent turfgrass disease affecting both warm-
(C4) and cool-season (C3) species [1,2]. It is widespread across managed turfgrass systems
such as golf courses, sport fields, and public and private gardens [3]. The causal agent,
originally identified as the ascomycete Sclerotinia homoeocarpa, has since been reclassified
into the genus Clarireedia with C. jacksonii (Cj) recognized as the most common species
involved [4]. Symptoms, which include circular, straw-colored lesions often ranging in size
to that of a silver dollar—hence the name dollar spot—vary depending on turfgrass species
and management practices [5-7] and are favored by prolonged leaf wetness and high
humidity. Control of dollar spot remains challenging and economically demanding [8,9],
often requiring integrated strategies involving cultural practices, resistant cultivars, and
repeated fungicide applications [10,11]. However, overreliance on chemical control has led
to fungicide resistance and is increasingly restricted by regulatory policies, particularly in
Europe [12-14]. In this context, advanced technologies such as optical sensors and precision
turfgrass management offer promising tools for early detection, targeted intervention,
and more sustainable disease control, helping to mitigate costs and reduce reliance on
chemical inputs.

Ultraviolet-C (UV-C) radiation has emerged as a promising non-chemical strategy
for managing fungal diseases in agriculture. While high doses can impair plant physi-
ology by damaging DNA, proteins, and membranes, leading to reduced photosynthesis,
growth, and vigor [15], low-dose applications have been shown to trigger plant defense
responses [16-18] and simultaneously disrupt the cellular integrity of fungal pathogens [15].
Previous studies have reported that UV-C radiation can trigger plant defense mechanisms
by stimulating the synthesis of secondary metabolites, enhancing antioxidant enzyme
activities, and upregulating the expression of genes involved in the phenylpropanoid path-
way [15,19,20]. Instead, the disruption of pathogen cellular integrity by UV-C radiation
primarily occurs through DNA damage, resulting from the formation of pyrimidine dimers.
The most effective range of the UV-C spectrum for inducing DNA damage lies between
254 and 262 nm [15,21]. Regarding experimental evidence, strawberries treated with UV-C
radiation before harvest showed a lower incidence of spontaneous decay (39%) caused by
Botrytis cinerea compared to untreated strawberries (76%) [16]. Similarly, Pramassing [22]
investigates the effects of UV-C irradiations in Clarireedia infections in Agrostis stolonifera
and Poa annua, reporting reduced disease coverage in plots treated with UV-C three times
per week compared to untreated controls, with values of 0.75% and 2.5%, respectively.

Recent advances in agricultural robotics have enabled the integration of UV-C systems
into autonomous platforms. For example, the Thorvald robot (Saga Robotics, Oslo, Norway)
is a straddle-type machine developed for the management of fungal diseases such as
powdery mildew in vineyards and strawberry crops [23]. Gadoury et al. [24] evaluated the
application of UV-C light, delivered twice weekly at a dose of 200 J/m? using a straddle-
type robot, in a Chardonnay vineyard, for the control of powdery mildew (Erysiphe necator).
Authors observed a suppression of the pathogen on the fruit comparable to that achieved
with a standard fungicide program (less than 5% of the cluster surface colonized), and
significantly lower than in untreated controls (approximately 40%).

In turfgrass management, autonomous robotic mowers represent one of the earliest
and most widespread applications of field robotics [25], offering sustainable, battery-
powered maintenance for residential, urban, and sports landscapes [25,26]. Building on
these innovations, UV-C-based systems for dollar spot control in turfgrass, such as the
walk-behind UV-C180 (SGL, Waddinxveen, The Netherlands) [27] and the tractor-mounted
Helios Gazon (UVBOOSTING, Saint-Nom-la-Bretéche, France) [28], have recently been
developed. The UVBOOSTING technology, for example, has been developed based on the
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effect of UV-C distribution in the form of flashes, which stimulates the plant’s defensive
response [29-31]. By pre-activating these mechanisms, plants become more resistant to
damage caused by pathogens.

A key frontier now lies in integrating UV-C lamps into autonomous mowing robots,
thus enabling both lawn maintenance and pathogen suppression. This dual-function ap-
proach has the potential to reduce fungicide use and support sustainable turfgrass manage-
ment. However, to ensure effectiveness, such systems must be coupled with targeted, con-
sistent monitoring strategies for early disease detection and optimized intervention timing.

Among the emerging tools to enhance turfgrass disease management, advanced phe-
notyping technologies, particularly vegetation spectroscopy, offer rapid, non-destructive
insights into plant health. This high-throughput sensing method exploits the optical prop-
erties of leaf and canopy tissues to assess physiological status, enabling the simultaneous
evaluation of multiple traits linked to stress responses [32,33]. Spectral data are obtained
from variations in the vibrational excitation of molecular bonds (e.g., C-H, N-H, O-H)
when exposed to specific wavelengths across the visible (VIS), near-infrared (NIR), and
short-wave infrared (SWIR) regions [34]. Recent progress in portable spectrometers, data
processing, and chemometric modeling has expanded the field applicability of hyperspec-
tral reflectance. Applications include the use of vegetation spectral indices (e.g., NDVI, PRI)
and the interpretation of spectral patterns as proxies for plant morphological, biochemical,
and physiological responses under stress [35]. Additionally, vegetation spectroscopy can
be scaled up via airborne or satellite imaging systems, enabling large-scale turfgrass moni-
toring. Despite its growing use in crop phenotyping, its application in turfgrass disease
detection, especially for pathogens like Clarireedia spp., remains limited and underexplored,
highlighting the need for further research in this field [36].

The aim of this study was to develop an innovative approach for the early detection
and integrated management of dollar spot in bermudagrass (Cynodon dactylon), one of the
most used warm-season turfgrasses in Italy. Following preliminary in vitro tests assessing
the effects of UV-C radiation on C. jacksonii (Cj) [37], a field trial was conducted with
two main objectives: (i) to evaluate the efficacy of autonomous mowers equipped with
UV-C lamps in mitigating Cj infections, and (ii) to investigate the potential of full-range
hyperspectral sensing (350-2500 nm) for the early detection and monitoring of the disease
(i.e., index-based tracking of pathogen-induced reflectance responses from field spectrora-
diometer signatures). Specifically, our goal was to understand the overall UV-C effect on
disease development, whether through limiting pathogen spread and/or activating plant
defense responses. By combining high-resolution spectral diagnostics with an alternative,
non-chemical treatment strategy, this study aims to contribute to more precise, sustainable,
and technologically integrated turfgrass disease management, offering turfgrass managers
and practitioners a versatile tool for reducing fungicide dependence while improving
control effectiveness.

2. Materials and Methods
2.1. Implementation of an Autonomous Mower Equipped with UV-C Lamps

The autonomous mower used in this study was a two-wheel-drive prototype
(1.20 x 1.15 x 0.48 m in length, width, and height). The machine features a cutting
system composed of two disks, each with a cutting width of 0.40 m. Each disk is equipped
with two thin, sharp blades. For power, the mower used a 36.3 V, 49.0 Ah lithium battery
with an energy capacity of 1778.7 Wh. During the trial, the cutting system was not activated
to limit the effects of external variables, and the battery was used exclusively to power the
mower movement, which was operated via remote control. Additionally, the mower was
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fitted with a coupling device that allowed the attachment to a UV-C lamp-carrying frame
(Figure 1).

(b)

Figure 1. Frontal (a), ventral (b) and side view (c) of the UV-C lamp carrying frame employed in
the trial.

The frame was designed to pivot freely at the attachment point, allowing it to follow the
mower’s movements and change direction accordingly. Constructed from iron profiles with
a rectangular cross-section measuring 2 x 1.5 cm, the lamp-carrying frame was supported
at the rear by freely rotating wheels with a diameter of 25 cm. It housed eight lamp fixtures,
arranged with four positioned at the front and four at the rear. This configuration was
selected to deliver a daily UV-C dose of 101.47 yJ cm~?2, as determined in preliminary
laboratory tests [37]. The fixtures used were fluorescent lamp holders (921 Hydro T8
EL, Disano Illuminazione S.P.A., Rozzano, Italy) with a 230 V/50 Hz power supply and
electronic ballast. Each fixture measured 69 cm in length and 9.2 cm in width, with a weight
of 0.92 kg. They were equipped with UV-C fluorescent lamps (TUV T8 F17 1SL/25, Philips,
Amsterdam, The Netherlands) that operated at 16.7 W, with a nominal current of 0.236 A
and nominal voltage of 72 V. The lamps emitted UV-C radiation with a peak wavelength of
253.7 nm, which is optimal for germicidal activity. Each lamp measured 60.4 cm in length,
2.8 cm in diameter, and weighed 0.08 kg. To maximize UV-C exposure, the lamps were
installed without protective shielding. The frame height was calibrated by adjusting the
towing point and wheel attachments, ensuring that the lamps remained at a fixed distance
of 5 cm above the turfgrass surface.

The frame also included a dedicated platform to carry a 12 V, 55 Ah lead-acid battery
(13.1kg) and an inverter. The inverter had an input voltage range of 10-15 V (DC), an output
voltage of 230 V (AC), an output power of 600 W, and an efficiency of 90%. These compo-
nents were essential for powering the UV-C lamps. Overall, the complete lamp system—
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including the frame, light fixtures, lamps, battery platform and inverter—measured 140 cm
in length, 43 cm in width, and had a total weight of 31.5 kg.

2.2. Field Trial
2.2.1. Plant and Fungal Material

The field trial was conducted in summer 2024 at the Centre for Research on Turfgrass
for Environment and Sports—CeRTES, Department of Agriculture, Food and Environment,
University of Pisa (San Piero a Grado, Pisa; 43°40'33” N 10°18'41” E, 2 m a.s.l.) on a mature
stand of bermudagrass (Cynodon dactylon x transvaalensis “Patriot”). The soil was classified
as silty loam (28:55:17% sand:silt:clay), with an organic matter content of 18 g kg~!, and a
pH of 7.8. A turfgrass scalping to a height of 1 cm was performed on 7 June. Fertilization
was carried out on 11 June applying 168 kg ha~! of nitrogen (Ubesol 45 granulare, Vialca
Srl, Uzzano, Italy, 21-0-0).

Anisolate of Cj, purchased from a fungal culture collection in Nothern Italy, was grown
on Petri dishes (& 14 cm) containing Potato Dextrose Agar (PDA, 42 g L™!, Biolife Italiana
S.rl.,, Milan, Italy) amended with streptomycin sulfate (0.1 g L~!, Gold Biotechnology,
Inc., St. Louis, MO, USA). Petri dishes were incubated for 7 days at 23 °C witha 12 h
photoperiod. The artificial inoculum was prepared by suspending Cj mycelium in sterile
water (100 g L™!), incubated at 23 °C for 48 h in an orbital shaker at 150 rpm (711 CT®,
Asal, Milan, Italy), before use [4].

2.2.2. Experimental Design

The field was divided into four experimental groups: (i) inoculated with Cj and treated
with UV-C (Cj+/UV+); (ii) inoculated and not treated (Cj+/UV—); (iii) not inoculated and
treated (Cj—/UV+); and (iv) not inoculated and not treated (Cj—/UV—; control). A ran-
domized complete block design with three replicates (plots) was used. Each experimental
plot measured 9 m in length and 0.43 m in width.

Clarireedia jacksonii inoculation was conducted on 3 July by spraying the mycelial
suspension onto the selected turfgrass areas (Cj+). This was performed using a Nebla
Electric backpack sprayer (Stocker Srl, Lana, Italy), equipped with a 15 L tank, Li-ion
battery (18 V, 2.2 Ah), an FPM seal set, and a spray lance with nozzle. For each treatment,
0.5 L of mycelial suspension was applied, with the drip rate set at 0.1 L min~!. One week
later, the UV-C treatment began, using the autonomous mower equipped with the lamp
system. The treatment was applied daily, for seven consecutive days, following the protocol
established in previous laboratory trials by [37]. At the time the UV-C treatment started, the
turfgrass had an average height of 5.5 cm. At the end of the trials, symptom development
was assessed by considering the percentage of infected area of the total turf surface, as
previously reported in Santin et al. [34] For this purpose, the whole inoculated turfgrass
areas were divided in 0.5 m? sections and photographs were taken. Concomitantly, leaf
samples were collected to check the presence of fungal propagules [37].

2.3. Data Collection
2.3.1. Operative Performance of the Autonomous Mower Equipped with the UV-C
Lamp System

Parameters related to the operational performance of the autonomous mower
equipped with UV-C lamps were evaluated. The travel time required to cover a straight-9
m section within the experimental area was recorded to calculate the working speed of
the machine. Additionally, the time needed to perform turning maneuvers was measured.
These parameters, along with the working width of the UV-C lamp frame, were used to
estimate the total field operation time. Electrical energy consumption by both the mower
and the UV-C lamps was measured using a power consumption meter (EL-EPM02HQ);
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Nedis’s-Hertogenbosch, The Netherlands). The energy autonomy of the system was cal-
culated based on the assumption that the mower’s battery simultaneously powered both
the robot’s movement and the UV-C lamps. From these data, the number of autonomous
mowers equipped with the UV-C system required to treat one hectare per day was esti-
mated. Primary energy consumption for completing a full one-week treatment cycle over
one hectare was determined by factoring in the conversion efficiency of the Italian National
Electric System (0.566) [38], the efficiency of lithium-ion batteries (91%) [39], and that of
lead-acid batteries (85%) [40].

2.3.2. Collection of Canopy Spectra

Canopy reflectance profiles were acquired using an ASD FieldSpec® 4 High-Resolution
spectroradiometer (Analytical Spectral Devices, Boulder, CO, USA), operating over the
350-2500 nm spectral range. The instrument was equipped with a pistol grip to facilitate
consistent and accurate targeting of the turfgrass canopy. Canopy reflectance was measured
between 11:00 a.m. and 1:00 p.m. under clear sky conditions, using a fiber-optic cable with
an eight-degree field of view (covering approximately 12 cm? of surface), mounted on a
pistol grip and positioned one meter above the canopy, with the sensor oriented nearly
perpendicular to the turfgrass canopy surface. Reflectance was calculated by normalizing
radiance values to those of a Spectralon® Diffuse Reflectance Target (Labsphere, Inc., North
Sutton, NH, USA), with reference measurements collected after every nine canopy spectra
to ensure accuracy. Each experimental plot was sampled at nine evenly distributed points,
corresponding to one measurement per linear meter along the plot’s length. At the time
of spectral acquisition, all plots were visually asymptomatic. The disease’s presence was
subsequently confirmed at the end-of-trial assessment.

2.4. Analyses of Spectral Signatures

The effects of Cj infection, UV-C radiation treatment (UV-C), and their interaction on
turfgrass canopy reflectance were assessed by Permutational Analysis of Variance (PER-
MANOVA) [41]. Spectral regions between 1350 and 1500 nm and 1750-2000 nm were
excluded from the analysis due to strong atmospheric water absorption interference. Dis-
similarity among spectral profiles was calculated using Euclidean distances, and 10,000 per-
mutations were conducted to ensure robust statistical inference. To visualize differences
in spectral patterns identified by PERMANOVA, Principal Coordinates Analysis (PCoA)
was performed. This ordination technique reduces data dimensionality by computing
uncorrelated axes (coordinates) from Euclidean distance matrix. Analyses were performed
using the ‘vegan’ package in R (version 2024.12.0+467) [42]. To evaluate the discrimination
accuracy of experimental groups by hyperspectral data, Partial Least Squares Discriminant
Analysis (PLS-DA) was applied [43]. To ensure robust model evaluation, PLS-DA was
repeated 500 times, with datasets randomly split into calibration (training) and validation
(testing) subsets. Model performance was assessed based on classification accuracy for
both subsets. Various calibration-to-validation ratios (50:50, 70:30, and 80:20) and different
numbers of latent variables were tested to identify the optimal model configuration. The
kappa statistic was used as the primary metric to select the most accurate and reliable
models. PLS-DA implementation was carried out using the ‘caret’ and ‘vegan’ packages in
R [42,44].

2.5. Calculation of Vegetation Spectral Indices

Seven largely used vegetation spectral indices were calculated: Normalized Differ-
ence Vegetation Index [NDVI = (Ryg0 — Rsy0)/(R7sp + Rsyp); [45]]; Normalized Difference
Water Index [NDWI = (R857 — R1241)/(R857 + Rioa1 ),' [46]], Cthrophyll Index [CI = (R750 —
R705)/(R750 + R705),' [47]]; Carotenoid Reflectance Index [CRI = (R510)_1 — (R550)_1,‘ [48]];
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Anthocyanin Reflectance Index [ARI = (Rs50) "+ — (Ryog)~1; [49]]; Plant Senescence Re-
flectance Index [PSRI = (Rg78 — Rs00)/Ry750; [50]]; and Normalized Difference Lignin Index
[NDLI = [log(l/R1754) - log(l/Rlégo)]/[log(l /R1754) + log(l/R1680); [51]] RX means re-
flectance at x nm wavelength. The seven indices were selected to reflect turfgrass-dollar spot
pathophysiology and the operational aim of preserving canopy greenness under pre-visual
conditions: greenness/chlorophyll (NDVI, CI), stress-pigment and senescence signals (ARI,
CRI, PSRI), water status (NDWI), and structural /nitrogen proxies (NDLI, NDNI).

2.6. Statistical Analysis

The Shapiro-Wilk test was initially employed to evaluate the normality of the distribu-
tion of calculated vegetation spectral indices. Subsequently, a two-way analysis of variance
(ANOVA) was performed to evaluate the effects of fungal infection (Cj), UV-C treatment
(UV-C), and their interaction on vegetation spectral indices. When significant effects were
detected (p < 0.05), mean differences were evaluated using Tukey’s honestly significant
difference test. All analyses were carried out using JMP Pro 13 software (SAS Institute Inc.,
Cary, NC, USA).

3. Results
3.1. Operative Performance of the Autonomous Mower Equipped with UV-C Lamp System

To ensure the delivery of the appropriate UV-C dosage, the machine operated at a re-
duced working speed of 0.95 km-h~!, resulting in a limited working capacity of 0.04 ha-h~1.

The energy required for the propulsion of the autonomous mower and the operation
of the UV-C lamps amounts to 0.161 kWh-h~!. With a UV-C irradiation time per system
charging cycle of 10.6 h and a battery recharging time per cycle of 2.5 h, the total UV-C
irradiation time per day is 19.4 h, with a daily charging time of 4.58 h, resulting in a
daily energy consumption of 3.13 kWh. Considering the working capacity of a single
autonomous mower equipped with a UV-C lamp system, 1.3 machines are required to
treat 1 hectare of turfgrass in one day, with a daily energy consumption of 4.05 kWh, and
a primary energy consumption of 7.87 kWh. Completing a full treatment cycle, lasting
one week, on a 1-hectare area results in a total energy consumption of 28.36 kWh, and a
primary energy consumption of 55.06 kWh.

3.2. Analysis of Canopy Hyperspectral Signatures

At the end of the trials, no symptoms appeared in inoculated and /or UV-C treated
turfgrass, even if fungal propagules were successfully isolated from infected leaves. Various
spectral ranges were explored to achieve the best PERMANOVA statistical performance for
canopy hyperspectral signatures of bermudagrass, and the best results were obtained using
all the available wavelengths (i.e., 400-2400 nm) excluding the 1350-1500 and 1750-2000 nm
regions affected by atmospheric water absorption (Figure 2). Figure 2A summarizes
spectral variability, Figure 2B shows the treatments’ mean spectra and Figure 2C reports
the percentage differences relative to the Cj—/UV— conditions. PERMANOVA revealed
significant effects for Cj and UV-C light treatment, as well as their interaction (Table 1).
The best classification of the experimental groups (i.e., higher mean kappa) by PLS-DA
of hyperspectral data was determined with an 80:20 calibration-to-validation data ratio,
using 33 components. The validation accuracy and kappa were 0.73 £ 0.12 and 0.69 =+ 0.16,
respectively (mean =+ standard deviation; Figure 3). Table 2 reports on the confusion
matrix detailing classification accuracy among experimental groups. The best classification
performance was achieved under Cj+/UV+ conditions, with an accuracy of 0.84. Plants that
were only inoculated (Cj+/UV—) were classified with an accuracy of 0.74, while the non-
inoculated plants, either not exposed (Cj—/UV—) or exposed (Cj—/UV+) to UV-C were
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distinguished with an accuracy of 0.64 and 0.66, respectively. Because all canopy spectra
were collected from visually asymptomatic plots, the discrimination among management
conditions indicates pre-visual spectral separation.
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Figure 2. Canopy hyperspectral measurements repeatedly collected in bermudagrass inoculated with
Clarireedia jacksonii and exposed to UV-C light treatment. (A) Distribution of all spectra across the
study: mean (solid line), mean =+ standard deviation (dashed), minimum and maximum (dotted).
(B) Group means by treatment: uninoculated (green) vs. inoculated (red), each under no UV-C
(solid) or UV-C (dash-dot): Cj-/UV—, Cj—/UV+, Cj+/UV—, Cj+/UV+. (C) Percentage difference
in reflectance relative to the uninoculated, no-UV control (Cj—/UV—), computed as A% = [(R)
— (Rg)/(Re)] x 100, R¢ indicates reflectance of plants under ‘control” conditions. Curves show
treatment means; the dashed horizontal line indicates parity (0%).
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Table 1. p levels of two-way permutational multivariate analysis of variance (PERMANOVA) for
the effects of Clarireedia jacksonii (Cj) infection, UV-C treatment and their interaction on the full-
range (400-2400 nm) reflectance profiles collected at canopy-level from Cynodon dactylon turfgrass.
df represents the degrees of freedom. *** p < 0.001, ** p < 0.01, ns p > 0.05.

Effect df p
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Figure 3. Scores (mean =+ standard error) of the first and second principal components from a
principal coordinates analysis of canopy reflectance data (400—2400 nm) collected from Cynodon
dactylon under different treatments: not inoculated and untreated (Cj—/UV —; white circle), inoculated
with Clarireedia jacksonii (Cj+/UV —; gray circle), irradiated with UV-C (Cj—/UV+; white square),
inoculated with C. jacksonii and irradiated with UV-C (Cj+/UV+; gray square). The accuracy and
kappa values generated via partial least square discriminant analysis and the p value are reported;
**p <0.01.

Table 2. Confusion matrix from PLS-DA for the accuracy of discrimination for single levels of
Clarireedia jacksonii infection (Cj) and UV-C light treatment (UV-C) interaction (Cj x UV-C) using
33 components. Cj—/UV— means not inoculated and not UV-C treated plants, Cj+/UV— means
inoculated and not UV-C treated plants, Cj—/UV+ means not inoculated and UV-C treated plants,
Cj+/UV+ means inoculated, and UV-C treated plants. Bold values correspond to the correct classi-
fication rates (per-class accuracy) for the respective group, calculated as the proportion of spectra
correctly identified by the model.

Experimental Groups C-/U- Cj+/UV— Cj—/UV+ Cj+/UV+
Cj—/UV— 0.66 0.08 0.24 0.02
Cj+/UV— 0.09 0.76 0.09 0.06
Cj—/UV+ 0.16 0.20 0.64 0.00
Gj+/UV+ 0.08 0.09 0.00 0.83

3.3. Variations in Vegetation Spectral Indices

The effects of Cj infection, UV-C treatment, and their interaction are reported in
Table 3. The Cj+/UV+ effect was significant for all the calculated vegetation spectral
indices, except for NDVI, NDNI and CRI, for which however we observed a significant



Horticulturae 2025, 11, 1257

10 of 17

Cj effect, as they decreased by 1.27%, 2.23%, and 2.60% due to inoculation (compared to
plants not inoculated, as average). CI decreased by 3.59% in Cj+/UV+ plants, compared
to controls (i.e., Cj—/UV—; Figure 4c), while ARI and PSRI increased by 114,08% and
0.53%, respectively (Figure 4d,e). Cj+/UV+ plants also showed lower NDWI values than
Cj—/UV+ ones (Figure 4b), while NDWI was 14.53% lower in Cj+/UV— compared to
controls (Figure 4a).

Table 3. F value and p levels of two-way repeated measures analysis of variance (ANOVA) for the
effects of Clarireedia jacksonii infection (Cj), UV-C light treatment (UV-C) and their interaction on
vegetation spectral indices calculated from Cynodon dactylon canopy. df represents degrees of freedom
(***: p <0.001, **: p < 0.01, *: p < 0.05, ns; p > 0.05). Abbreviations: NDVI, normalized difference
vegetation index; NDLI, normalized difference lignin index; NDNI, normalized difference nitrogen
index; CI, chlorophyll index; CRI, carotenoid reflectance index; NDWI, normalized difference water
index; PSRI, plant senescence reflectance index; ARI, anthocyanins reflectance index.

Idex Cj UV-C Cj x UV-C
@f: 1) (@df: 1) @f: 1)
NDVI 8.37 ** 0.44 ns 0.26 ns
NDLI 0.21 ns 2.96 ns 5.06 **
NDWI 0.40 ns 3.94 ns 6.02 **
CI 9.80 ** 2.81ns 4.86 **
ARI 21.78 *** 6.21 * 24,51 ***
PSRI 2247 *** 1.78 ns 44.60 **
NDNI 14.53 *** 1.26 ns 0.53 ns
CRI 4.43* 0.10 ns 2.48 ns
0.070 @] 0100 )
0.065 b ab ab 0.075
0.055 * ° 0.025 0 %
0.050 0.000
0.82 @ 1o @
074 075
b b b a b
G 066 % Q B2 % Z 050

0.50 0.00
0.510

C-lUV-  Cj#lUV-  Cj-lUV+  Cj#lUV+

(e)

0.506 b
.
ab
0.502 L
a
.
% %a
0.498
.

0.494

PSRI

Cj-IUV= Cj+lUV-  Cj-IUV+ Cj+/UV+

Figure 4. Values of normalized difference lignin index (NDLI) (a); normalized difference water index
(NDWI) (b); chlorophyll index (CI) (c); anthocyanin reflectance index (ARI) (d) and plant senescence
reflectance index (PSRI) (e) estimated from Cynodon dactylon canopy spectra under different Clariree-
dia jacksonii (Cj) and UV-C light treatment (UV-C) conditions. Different lowercase letters indicate
statistically significant differences (p < 0.05). Cj—/UV— means not inoculated and not UV-C treated
plants, Cj+/UV — means inoculated and not UV-C treated plants, Cj—/UV+ means not inoculated
and UV-C treated plants, Cj+/UV+ means inoculated, and UV-C treated plants.
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4. Discussion

Turfgrass systems are essential to various managed landscapes, such as golf courses,
sports fields, and amenity lawns, where consistent quality, playability, and resilience to
biotic stressors are critical for performance and esthetics. Improving the sustainability
of turfgrass disease management, particularly for common fungal pathogens like Cj, the
causal agent of dollar spot, is critical for maximizing ecosystem services and reducing
environmental disservices [52]. This study highlighted the potential of two approaches for
turfgrass management: automatized UV-C-based disease suppression and hyperspectral
phenotyping for disease detection. The results demonstrate the potential of both tech-
nologies to enhance disease control efficacy and monitoring precision while promoting
environmentally responsible practices.

UV-C radiation has emerged as a promising non-chemical alternative for managing
plant diseases, having been shown to effectively suppress the growth and proliferation
of a range of fungal pathogens. Studies have demonstrated its efficacy against powdery
mildew on strawberry (caused by Podosphaera aphanis) [53], Botrytis cinerea (gray mold
on strawberry), and Monilinia fructigena (brown rot on strawberry and cherry) [54-56],
highlighting its potential for broad-spectrum disease control. To the best of our knowledge,
this study is among the first to evaluate UV-C-based management of dollar spot in turfgrass
using an autonomous robotic platform. A previous work by Pramassing [22] investigated
the impact of UV-C treatment on Clarireedia infections in Agrostis stolonifera and Poa annua,
showing that repeated exposure to UV-C doses of 3540 m] cm~2, applied three times per
week, significantly reduced disease coverage to 0.75% and 2.5%, respectively, compared to
untreated controls.

The use of the autonomous mower equipped with a UV-C lamp system enabled the
application of turfgrass treatment at the dosage considered most appropriate. Based on
our estimates, the primary energy consumption for a complete weekly treatment on 1 ha is
approximately 55.06 kWh ha~!. As highlighted by Scolaro et al. [57], electric machines offer
significant benefits compared to those powered by internal combustion or hybrid (diesel-
electric) engines, including lower primary energy consumption and reduced on-site carbon
dioxide emissions, thus promoting more sustainable agricultural practices. Additionally,
the combination of a lightweight UV-C lamp system with a compact autonomous mower—
compared to larger turfgrass management equipment such as utility golf carts, tractors,
and ride-on mowers- helps minimize soil compaction issues [58]. However, the system also
presents logistical challenges. The required low forward speed of 0.95 km h~! to deliver the
correct UV-C dosage resulted in a limited field capacity of 0.04 ha h~!, necessitating more
than one machine to cover 1 ha per day. This could lead to management disadvantages
due to the increased time required for installing charging bases, as well as for machine
management and maintenance [59]. Improving the irradiance of UV-C lamps would be
crucial for improving management efficiency, potentially reducing treatment time, and
enabling higher working speeds. However, it is important to note that delivering the
same dosage at higher irradiance over shorter periods could not produce equivalent
effects to lower irradiance over longer periods [31]. Interestingly, recent studies suggest
that brief UV-C flashes (typically under 2 s) at hormetic doses (e.g., 1 k] m~2 for lettuce,
tomato, and grapevine, and up to 1.70 k] m~2 for strawberry) may represent optimized
treatments to stimulate plant resilience [29,31,55,60]. These ultra-short exposures have
been shown to be more effective than conventional longer illuminations (60 s or more)
in stimulating plant defenses, possibly due to differential activation of perception and
signaling pathways [29,31]. Future research should therefore optimize UV-C delivery
regimes to balance treatment efficacy, plant tolerance, and operational feasibility, with
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particular attention to flash-based protocols that may enhance such beneficial effects while
minimizing potential photodamage.

In parallel, our study showed that full-range canopy hyperspectral data (400-2400 nm)
provide a rapid, non-destructive method for detecting dollar spot under field conditions.
This aligns with growing interest in using advanced sensing for turfgrass research and pre-
cision management. Previous studies have applied spectral data to assess abiotic stressors
such as drought and nitrogen deficiency [61] or to discriminate between turfgrass species
and cultivars with high accuracy [62]. Although most dollar spot detection efforts to date
have relied on RGB image-based machine learning approaches [63], our results show that
hyperspectral phenotyping can identify the pathogen even before visible symptoms appear.
Using PLS-DA, we were able to distinguish experimental groups (i.e., Cj infection and UV-C
treatment combinations) with high classification accuracy (73%, as average), demonstrating
the feasibility of early disease diagnosis. The PLS-DA achieved its best classification perfor-
mance under Cj+/UV+ conditions (accuracy = 0.84). Distinguishing between plants only
exposed to UV-C (Cj—/UV— and Cj—/UV+) proved more challenging with an accuracy
of 0.66 and 0.64, respectively. An accuracy of 0.74 was obtained for Cj+/UV —, indicating
a good ability of the PLS-DA classification to detect pathogen-inoculated plants in the
absence of UV-C treatment.

This capability addresses key limitations of traditional visual assessment methods,
which are inherently subjective and evaluator-dependent [64].

Variations in vegetation spectral indices provided further insight into plant physio-
logical responses to Cj infection and UV-C treatment. Several indices, i.e., NDLI, NDWI,
CI, ARI, and PSRI, showed significant interactions between pathogen presence and UV-C
treatment, indicating that these combined stressors induce measurable changes in turfgrass
spectral signatures. These spectral changes likely reflect the metabolic reprogramming
triggered by hormetic UV-C doses, which have been shown to stimulate the accumulation
of defense-related secondary metabolites including phenolic compounds, flavonoids, antho-
cyanins, and phytoalexins across diverse plant species [29,65,66]. NDLI, which is associated
with lignin and structural cell wall components [51], increased under Cj+/UV+ treatment.
This may reflect an induced reinforcement of cell walls, consistent with previous reports of
UV-C stimulating secondary metabolite synthesis and enhancing pathogen resistance [15].
NDWI decreased in plots subjected to Cj+/UV+, suggesting changes in water retention
or cuticle integrity. Prior work [16,17] indicates that UV-C may prime plant defenses by
altering transpiration rates and enhancing cuticle thickness, which could modify water-
related reflectance properties. Hormetic UV-C treatments, particularly when delivered as
brief flashes, have been demonstrated to induce structural modifications at the leaf sur-
face, including stomatal occlusion by wax-like matrices and cuticle reinforcement, which
enhance pathogen resistance while maintaining normal physiological function [67,68].
Moreover, UV-C priming has been shown to activate systemic defense pathways without
metabolic impairments under non-stress conditions, as evidenced by unchanged growth
parameters and metabolome profiles in treated plants [68]. CI, ARI and PSRI showed
coordinate and directionally consistent response under Cj+/UV+ condition. Specifically, CI
declined exclusively under Cj+/UV+, potentially reflecting a shift in resource allocation
from photosynthesis toward defense metabolite production. This is consistent with the
known tradeoff between chlorophyll biosynthesis and defense activation during systemic
acquired resistance [17]. In contrast, PSRI peaked under Cj+/UV+ condition. This index,
sensitive to chlorophyll/carotenoid ratio, often increases during stress-induced senescence
or pigment restructuring [50]. The elevated PSRI may signal a local senescence response
and an upregulation of carotenoids for photoprotection under mild UV-C exposure. Sim-
ilarly, ARI was highest in Cj+/UV+ plants reflecting anthocyanin accumulation, known
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to be triggered by both UV-C and pathogen stress, which serves antioxidant and struc-
tural defense roles [16,48]. The synchronous divergence of these three indices, especially
under Cj+/UV+, underscores a concerted shift in pigment-related processes. Moreover,
NDVI, NDNI and CRI were significantly affected by Cj+/UV— conditions. These indices
decreased in infected plants compared to healthy control (Cj—/UV—). The decline in
NDVI, a broad proxy for photosynthetic activity, and NDNI, associated with nitrogen
content, observed in infected plants are consistent with previous reports. Indeed, plant
pathogen-induced chlorosis and necrosis lead to significant reductions in NDVI [69,70]
meanwhile the NDNI decrease may be related to pathogen-induced disruption of nitrogen
metabolism. Similarly, the reduction in CRI, which is sensitive to carotenoid content, may
indicate that pathogen-induced oxidative stress led to carotenoid degradation as suggested
by Mabhlein et al. [69].

The results suggest that UV-C may act as a mild elicitor, priming defensive pigment
production to mitigate pathogen spread. This effect is consistent with relevant scientific
literature showing that hermetic UV-C doses stimulate plant natural defenses through
multiple mechanisms, including increased activity of defense enzymes (e.g., phenylalanine
ammonia-lyase, chitinase, 3-1,3-glucanase), accumulation of antimicrobial compounds
(e.g., phytoalexins, phenolics, lettucenin), and activation of both jasmonate- and salicylate-
dependent signaling pathways [21,29,65,66]. Notably, the perception of UV-C flashes
appears to be mediated by UV RESISTANCE LOCUS 8 (UVRS), the photoreceptor typically
associated with UV-B perception, which may explain the enhanced efficacy of ultra-short
exposures in eliciting defense responses [71]. The systemic nature of these UV-C-induced
defenses, observed even in non-exposed tissues, further supports the potential of this
approach for large-scale turfgrass management. Collectively, these indices offer a nuanced
picture of turfgrass physiological status under stress and support the use of hyperspectral
data not only for detection but also for monitoring plant responses to combined manage-
ment treatments.

5. Conclusions

This study provides promising evidence for integrating autonomous UV-C treatment
and hyperspectral sensing in sustainable turfgrass management. The use of robotic plat-
forms for pathogen suppression and high-resolution, non-destructive monitoring could
reduce reliance on chemical fungicides and improve the precision of disease control strate-
gies. However, several challenges remain. UV-C operational constraints (e.g., speed,
irradiance, treatment timing) and the complexity of hyperspectral data processing require
further refinement. Future research should explore how to optimize UV-C application
regimes, improve system scalability, and enhance the robustness of hyperspectral mod-
els across diverse turfgrass genotypes, growth stages, and environmental conditions. To
enhance the practical and innovative value of our work, a two-step approach for future
research is proposed: (1) the quantitative estimation of disease severity using conventional
assessment methods, spectral indices, and machine learning models, and (2) the exper-
imental determination of UV radiation responses to define optimal doses and exposure
durations according to disease severity. Future experiments will focus on defining and cali-
brating a disease severity scale based on standardized visual assessments (e.g., percentage
of affected leaf area or ordinal disease ratings), while simultaneously acquiring spectral
data to combine severity evaluations with both traditional indices and full-spectrum anal-
yses. The next steps toward implementing UV-C applications in grassland management
will include developing regression models for continuous estimation of disease severity,
conducting UV dose-response experiments across predefined severity levels, and estab-
lishing operational guidelines to balance treatment efficacy, plant safety, and management
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costs. Importantly, combining both technologies into a unified platform could allow for
simultaneous treatment and monitoring—an innovation that would significantly advance
the field of automated plant health management.
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