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Abstract: Aerial surveillance could be a useful tool for early detection and quantification of plant
diseases, however, there are often confounding effects of other types of plant stress. Stemphylium
leaf blight (SLB), caused by the fungus Stemphylium vesicarium, is a damaging foliar disease of onion.
Studies were conducted to determine if near-infrared photographic images could be used to accurately
assess SLB severity in onion research trials in the Holland Marsh in Ontario, Canada. The site was
selected for its uniform soil and level topography. Aerial photographs were taken in 2015 and 2016
using an Xnite-Canon SX230NDVI with a near-infrared filter, mounted on a modified Cine Star—
8 MK Heavy Lift RTF octocopter UAV. Images were taken at 15–20 m above the ground, providing
an average of 0.5 cm/pixel and a field of view of 15 × 20 m. Photography and ground assessments
of disease were carried out on the same day. NDVI (normalized difference vegetation index), green
NDVI, chlorophyll index and plant senescence reflective index (PSRI) were calculated from the
images. There were differences in SLB incidence and severity in the field plots and differences in the
vegetative indices among the treatments, but there were no correlations between disease assessments
and any of the indices.

Keywords: Stemphylium; onion; remote sensing; NDVR; drones; NIR; image analysis

1. Introduction

Aerial photographs taken from a UAV platform are increasingly being used in routine
agricultural assessments, such as weed identification and quantification, and crop stag-
ing [1]. Advances in the technology of both unmanned aerial vehicles (UAVs) and the
sensors they carry have increased the potential for use of remote sensing in a wide range of
areas [2,3] including management of diseases in crops. Early detection and identification of
diseases using aerial reconnaissance, especially in high-value crops, could facilitate disease
management and reduce the risk of subsequent losses in crop yield and quality. To date,
however, this technology has only rarely been used in assessments of plant diseases [4–9]
and the results have often not lived up to expectations [10].

Onion (Allium cepa L.) is a high-value crop that is grown around the world. Much of
the production in eastern North America occurs on soils that are extremely high in organic
matter (45–80% organic matter, known as muck soils). Many of these sites are drained
marshes, where the deep, rich, uniform soils and availability of irrigation are highly suited
to onion production, but also favor fungal diseases, such as Stemphylium leaf blight on
onion [11].

The rich muck soil and flat, uniform topography of the Holland Marsh in Ontario,
Canada, was selected as an almost ideal site for the assessment of aerial photography for
disease detection and quantification. The soil is deep, consistent, and uniform in color,
texture and drainage, irrigation is routinely applied as needed [11], and a single disease of
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onion, SLB, was predominate at the site [12]. As a result, other potentially confounding
causes of plant stress were minimized, and disease assessment was relatively simple
and consistent.

The predominant disease of onion at the Holland Marsh during the study period was
Stemphylium leaf blight [12,13] caused by Stemphylium vesicarium (Wallr.) E.G. Simmons
(teleomorph: Pleospora herbarum [Pers.] Rabenh.). The initial visual symptoms are small,
yellow to tan, water-soaked lesions, followed by extensive blighting of the leaf blade,
starting at the tip [14]. This results in leaf necrosis, lodging [15,16], and reduced bulb
size [15]. The biology, epidemiology and management of Stemphylium leaf blight have
recently been reviewed [11].

No strong resistance to Stemphylium leaf blight is currently available in commercial
onion cultivars [12,17,18], so the application of foliar fungicides [19,20] is often required
to maintain yield and quality. On some hosts, S. vesicarium has been shown to produce
host-specific toxins after infection that are associated with extensive tissue necrosis [21,22].
Early detection is important to minimize yield losses [23,24].

Remote sensing can be used to measure the amount of reflected radiation from a crop
canopy [25,26] to detect crop diseases with minimal disturbance to the crop [3,27]. Special-
ized cameras can capture images containing reflectance data in the visible (400–685 nm),
red-edge (690–730 nm), near-infrared (NIR, 730–850 nm), and shortwave-infrared (SWIR,
850–2500 nm) spectra [2,5,28].

Vegetative indices that compare the relative reflectance in two or more spectral regions
that are sensitive to disease presence can be calculated from remote sensing images [29,30].
For example, the normalized difference vegetative index (NDVI) has been used to detect
citrus trees infected with Huanglongbing disease [5] and oil palm trees infected with
ganoderma stem base rot [4]. However, the major limitation of vegetative indices for disease
detection is that changes in chlorophyll content are indicative of many kinds of stress, such
as water deficiency, nitrogen deficiency and heat stress, not just plant disease [31]. The trial
sites in the current study were chosen and managed to provide consistent plant growth
and avoid moisture and nutrient stresses.

The overall goal of this study was to investigate the potential of using UAVs mounted
with a simple and relatively inexpensive camera (fitted with red, green and infrared filters)
as an efficient method to assess plant disease in research plots, with the long term goal of
assessing onion fields as part of an integrated pest management program for onion. The
relationship between four selected vegetative indices and Stemphylium leaf blight levels
was investigated.

2. Materials and Methods
2.1. Onion Plots and Regions of Interest

Two onion trials (Figure 1) at a site near the University of Guelph Muck Crops Research
Station in Holland Marsh, Ontario, Canada, were selected as the two regions of interest
(ROI) for the study in 2015. The results from the visual assessments of disease in these trials
have already been published: the cultivar trial in 2019 [12] and the fungicide timing trial in
2021 [20]. The details are briefly summarized here. There were twelve cultivars that did not
receive any fungicide spraysand the arrangement of the experiments is shown in Figure 1.
All treatments (except the non-sprayed check) in the fungicide timing trials were sprayed
with the combination of fluopyram and pyrimethanil fungicide, sold commercially as Luna
Tranquility (Bayer Crop Science). The trials were arranged in a randomized complete block
design with four replicates. Each bed of onions was 1.6 × 5 m, with four rows per plot,
2 m between blocks and 40 cm between rows. Onion plugs (2–3 seedlings per plug) were
transplanted on 25 May 2015 with 10 cm between plugs. There was one bed per replicate
plot in the cultivar trial and two beds per replicate plot in the fungicide trials.
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Figure 1. Plot area and treatment numbers (in white) for onion trials at the Holland Marsh, ON in
2015: (A) Cultivar trial (each number represents a different cultivar, three replicate blocks shown) and
(B) Fungicide application-timing trial (each number represents a different treatment, four replicate
blocks shown, individual blocks arranged from top to bottom).

In 2016, only the fungicide timing trial was assessed because of poor emergence in
some lines of the cultivar trial. The seed of some cultivars was old and fresh seed was not
available. The crop was direct seeded at 35 seeds m−1 on 4 May 2016, with four double
rows per bed and two beds per replicate plot.

The acquisition of aerial images (visible and near-infrared) was conducted by High
Eye Imaging Inc. (Wasaga, ON, Canada). The camera was a Xnite-Canon SX230NDVI
(Canon USA Inc., Melville, NY, USA) mounted on a modified Cine Star–8 MK Heavy Lift
RTF octocopter UAV (The Quadrocopter Company, Columbia Falls, MT, USA) (Figure 2).
Ground reflectance measurements were not taken in the study.
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Figure 2. A modified Cine Star—8 MK Heavy Lift RTF octocopter mounted with a camera for aerial
image collection at the Holland Marsh, Ontario in July 2015.

Aerial images were taken in the ROIs on 29 June, 13 July, 27 July and 4 August in
2015 and 27 June, 11 July, 25 July and 2 August in 2016. In 2015, images were captured
with the camera with the red-region filter replaced with a near-infrared filter, and the images
were saved in JPEG (joint photographic experts group) format. The images were taken from
15–20 m and 25–30 m above the ground. In 2016, the images were taken from 15–20 m above
ground with the camera in which the blue-region filter was replaced with a near infrared
filter (Figure 3), and the images were saved in TIFF format (tagged image file format).
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Figure 3. Aerial infrared image of onion trials taken on 4 August 2016 with a Xnite-Canon SX230NDVI
camera with (A) the red-filter or (B) blue-filter replaced with a near-infrared filter at the Muck Crops
Research Station, Holland Marsh, Ontario.
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Visual assessments of SLB incidence and leaf dieback in each replicate of each trial
(ground truthing) were collected. The ratings were taken every second week on the same
day as the aerial images. In 2015, the number of lesions was assessed on one transplant
plug (consisting of 2–3 seedlings) at each of eight places along the middle two rows of each
1.6 × 5 m bed, for a total of 16–24 plants per plot. Plugs were assessed at roughly 1-m
intervals along each row, starting 1 m from the end of the row. The first and second fully
developed outer leaves (counting from the youngest leaf) on the two largest seedlings per
plug were assessed (32 leaves) for lesions. The incidence (%) of Stemphylium leaf blight
per replicate plot was calculated by dividing the number of transplant plugs with disease
symptoms by the total number of plugs assessed, then multiplying by 100. Each replicate
plot consisted of one bed for the cultivar trial and two side-by-side beds for the fungicide
timing trial. The mean number of lesions per leaf was also calculated. In 2016, the incidence
was assessed on 100 plants in the middle two rows of each plot, and lesions per leaf were
counted on 10 consecutive plants in each of the two middle rows (total = 40 leaves). Leaf
dieback, chlorotic, or necrotic leaf tissue, was assessed on the fifth and sixth fully developed
true leaves of each plant, counted from the youngest leaf. The length of dieback symptom
relative to the total leaf length for each leaf was measured with a 60-cm clear plastic ruler.
The mean leaf dieback (%) for each plot was calculated. The plants selected for leaf dieback
assessments were not the same plants used for lesion counts.

The first lesions of Stemphylium leaf blight lesions in 2015 were observed on 29 June.
Leaf dieback (severity) was observed 21 days after observing the initial lesions. The leaf
dieback in each plot was assessed on 20 July, 27 July, 4 August and 14 August. 2015. The
initial lesions per leaf in 2016 were assessed on 7 July 2016, leaf dieback was observed
12 days later and leaf dieback was assessed on 19 July, 25 July, 3 August and 11 August.

2.2. Image Analysis and Vegetative Indices

The images from the ROI were analyzed using Whitebox Geospatial Analysis Tools
(University of Guelph, Guelph, ON, Canada). Only the images acquired from 15–20 m
above ground level were processed. These images covered an area of 15 × 30 m per ROI,
with 24 beds each as shown in Figure 1. The spatial resolution of the images was calculated
using a field of view (FOV) chart for the camera used. The image resolution yielded a
pixel size of about 3.1 cm per pixel. Scripts were written using Python language (Python
Software Foundation) were used to calculate four selected vegetative indices (Table 1) from
the images.

Table 1. Descriptions of the four vegetative indices calculated from aerial images of onion field trials
at the Muck Crops Research Station, Holland Marsh, ON in 2015 and 2016.

Index Wavebands Crop Parameter Reference

Normalized vegetative indices (NDVI)

NDVI NDVI = RNIR−RRED
RNIR+RRED

Photosynthetically active
radiation (PAR)

intercepted/biomass
[32,33]

Green NDVI
(GNDVI) GNDVI = RNIR−RGREEN

RNIR+RGREEN
PAR/biomass [33,34]

Chlorophyll index (CI)
CI CI = (RNIR/RGREEN)− 1 Chlorophyll [34]

Plant senescence reflective index (PSRI)
PSRI PSRI = (RRED−RGREEN)

RNIR
Plant senescence [35]

NDVI, GNDVI and CI relate to photosynthetic activity and plant productivity, PSRI assesses the ratio of carotenoids
and chlorophyll and is a quantitative measure of leaf senescence.

The vegetative indices for each bed were calculated for 0.4 × 3 m (129 × 968 pixels)
portions from the center of each bed to avoid any edge effects. This is 15% of the area of
each bed.
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In 2015, images taken on 29 June could not be effectively assessed because the small
seedlings could not be separated from the background of black muck soil. Additionally,
the images taken on 27 July could not be assessed effectively because they were taken at
an angle instead of vertically. There was no red band in the images taken in 2015, so the
program replaced the red values with reflectance from the blue region. Similarly, images
taken on 27 June and 11 July 2016 could not be assessed because plants could not be
separated from the background.

2.3. Statistical Analysis

PROC GLM in SAS (ver. 9.4, SAS Institute Inc., Cary, NC, USA) was used for the
analysis of variance of the visual assessments of Stemphylium leaf blight incidence and
the calculated vegetative indices. Means were separated using Tukey’s multiple range test
(p ≤ 0.05). No outliers were identified using Lund’s test. The data for the vegetative indices
were not normally distributed when assessed using PROC UNIVARIANT. Data were not
pooled across years as the analysis showed a repetition (year) × treatment interaction. The
relationship between Stemphylium leaf blight incidence and severity was assessed with
Pearson correlation. The relationships between incidence and severity and the vegetative
indices were assessed using Spearman’s rank correlation (nonparametric) at p < 0.05 in
PROC CORR.

3. Results
3.1. Image Analysis

The NIR images acquired at 15–20 m (Figure 3A) had an average ground sampling
distance (GSD) of 0.5 cm/pixel and an average FOV of 15 × 20 m. These images had higher
resolution compared to images taken from 25–30 m (Figure 3B). The images were taken
from 25–30 m above ground had an average GSD of 0.75 cm per pixel with a wider average
FOV of 24 × 31 m.

3.2. Disease and Vegetative Indices

The assessments of Stemphylium leaf blight incidence and leaf dieback in the cultivar
and fungicide timing trials have been published previously [12,20]. Briefly, Stemphylium
leaf blight incidence and leaf dieback were higher in 2015 than in 2016. Lesions were first
detected on 29 June 2015 and 11 July 2016. Stemphylium leaf blight incidence and leaf
dieback were higher in August relative to July in both years.

There were significant differences in incidence and percentage of leaf dieback among
cultivars and fungicide timing treatments each year (Tables 2–4). For example, in the
cultivar trial in 2015, cv. Pontiac had the lowest leaf blight incidence on 13 July, Milestone
had the highest incidence, and all of the other lines were intermediate. On 4 August, the
pattern was similar, with Pontiac lowest, Milestone (plus Trailblazer) highest, and the others
intermediate. Leaf dieback on 4 August showed a similar pattern, except that dieback in
cv. Highlander was highest, despite being at the low end for incidence (Table 2). In the
fungicide timing trial, Stemphylium leaf blight incidence and leaf dieback were highest in
the unsprayed control at both dates in 2015 (Table 3). In 2016, the incidence was highest in
the unsprayed control but there were no differences in leaf dieback among the treatments
(Table 4).



Remote Sens. 2022, 14, 293 7 of 12

Table 2. Stemphylium leaf blight incidence, severity (leaf dieback) in July and August and four
vegetative indices were calculated for an onion cultivar trial at the Muck Crops Research Station,
Holland Marsh, ON in 2015.

Date and
Cultivar Incidence Severity

Vegetative Indices 1

NDVI GNDVI CI PSRI Maturity

13 July (7–8 leaves)
Pontiac 51 c 2 nd 0.22 a 0.06 bcd 0.08 cd 0.37 cd 115

Highlander 55 bc nd 0.13 ab 0.04 cd 0.05 cd 0.37 cd 90
LaSalle 55 bc nd 0.21 a 0.06 bcd 0.10 bcd 0.39 bcd 103
Prince 55 bc nd 0.09 b 0.20 a 0.35 a 0.49 abc 105
Stanley 55 bc nd 0.09 b 0.20 a 0.34 a 0.43 bcd 105
Hendrix 58 bc nd 0.16 ab 0.03 cd 0.03 cd 0.39 bcd 108
Patterson 59 abc nd 0.19 a 0.14 abc 0.23 abc 0.51 ab 104
Madras 59 abc nd 0.17 ab 0.17 ab 0.30 ab 0.59 a 102
Genesis 61 abc nd 0.21 a 0.02 cd 0.01 d 0.34 d 108

Trailblazer 63 ab nd 0.17 ab 0.10 a–d 0.16 a–d 0.47 a–d 95
Hamlet 66 ab nd 0.18 ab 0.01 d 0.03 cd 0.45 bcd 108

Milestone 70 a nd 0.20 a 0.09 a–d 0.13 a–d 0.39 bcd 110
4 August (11–12 leaves, bulbing)

Pontiac 68 b 35 b 0.21 ab 0.02 c 0.04 c 0.46 cd 115
Highlander 79 ab 62 a 0.23 a 0.04 c 0.09 bc 0.47 bcd 90

LaSalle 89 a 41 b 0.13 a–d 0.08 bc 0.13 bc 0.45 cd 103
Prince 78 ab 43 b 0.08 cd 0.16 ab 0.28 ab 0.62 a 105
Stanley 81 ab 38 b 0.12 bcd 0.11 bc 0.18 bc 0.62 a 105
Hendrix 80 ab 37 b 0.21 ab 0.01 c 0.02 c 0.44 cd 108
Patterson 82 ab 42 b 0.13 a–d 0.13 abc 0.21 abc 0.56 abc 104
Madras 85 ab 46 b 0.02 d 0.25 a 0.42 a 0.60 ab 102
Genesis 85 ab 42 b 0.23 ab 0.04 bc 0.09 bc 0.44 cd 108

Trailblazer 87 a 42 b 0.16 abc 0.09 bc 0.14 bc 0.53 a–d 95
Hamlet 83 ab 46 b 0.17 abc 0.07 bc 0.11 bc 0.40 d 108

Milestone 90 a 43 b 0.19 abc 0.03 c 0.03 c 0.50 a–d 110
1 Vegetative indices: NDVI = normalized difference vegetative index, GNDVI = green NDVI (GNDVI), CI =
chlorophyll index and PSRI = plant senescence reflectance index. Maturity—days to harvest maturity. 2 Means
in a column followed by the same letter do not differ based on Tukey’s multiple range test at p > 0.05, ns = not
significant, nd = no data.

Table 3. Stemphylium leaf blight incidence, leaf dieback, and vegetative indices measured on onions
in a fungicide application timing trial at the Muck Crops Research Station, Holland Marsh in 2015.

Fungicide Treatment Incidence Leaf Dieback
Vegetative Indices 1

NDVI GNDVI CI PSRI

13 July (7–8 leaves)
CP1 59 c 2 nd 0.08 ns 0.16 ab 0.03 c 0.30 b

TOMCAST 15 65 bc nd 0.10 0.07 b 0.15 ab 0.31 b
BOTCAST 73 ab nd 0.09 0.07 b 0.15 a 0.34 b

STEMCAST 74 ab nd 0.09 0.13 ab 0.08 bc 0.29 b
LDR 79 a nd 0.08 0.21 a 0.04 c 0.39 ab

Unsprayed 85 a nd 0.09 0.13 ab 0.12 ab 0.47 a
4 August (11–13 leaves, bulbing)

CP1 74 c 29 b 0.09 ab 0.06 ns 0.05 c 0.57 ab
TOMCAST 79 bc 29 b 0.09 ab 0.05 0.08 bc 0.58 ab
BOTCAST 85 b 30 b 0.06 b 0.04 0.12 ab 0.46 a

STEMCAST 86 b 36 b 0.10 a 0.05 0.05 c 0.63 b
LDR 90 ab 32 b 0.07 ab 0.05 0.12 ab 0.50 ab

Unsprayed 98 a 49 a 0.06 b 0.04 0.16 a 0.51 ab
1 Vegetative indices calculated: NDVI = normalized difference vegetative index, GNDVI = green NDVI (GNDVI),
CI = chlorophyll index and PSRI = plant senescence reflectance index. For details of treatments, see Stricker et al.,
2021 [20]. 2 Means in a column followed by the same letter did not differ based on Tukey’s multiple range test at
p > 0.05, ns = not significant, nd = no data.
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Table 4. Stemphylium leaf blight incidence, leaf dieback, and vegetative indices were measured on
onions in a fungicide application timing trial at the MCRS, Holland Marsh in 2016.

Fungicide
Treatment

Incidence
(%) Leaf Dieback

Vegetative Indices 1

NDVI GNDVI CI PSRI

25 July (7–8 leaves)
TOMCAST 15 7 b 2 4 ns 0.18 ab 0.27 ns 0.33 a 0.19 ab

TOMCAST 15/25 11 b 7 0.17 b 0.22 0.19 b 0.21 a
CP2 11 b 1 0.18 ab 0.24 0.09 b 0.17 ab

BOTCAST 12 b 6 0.20 ab 0.35 0.34 a 0.15 b
TOMCAST 15R 15 ab 5 0.16 b 0.21 0.08 b 0.19 ab

Control 25 a 10 0.28 a 0.41 0.20 ab 0.17 ab
2 August (10–12 leaves, bulbing)

TOMCAST 15 8 b 8 ns 0.21 ab 0.10 ns 0.03 bc 0.62 ns
TOMCAST 1525 12 b 8 0.23 a 0.10 0.02 c 0.64

CP2 12 b 10 0.15 bc 0.12 0.04 ab 0.76
BOTCAST 13 b 9 0.15 bc 0.11 0.04 ab 0.66

TOMCAST 15R 17 ab 12 0.22 ab 0.13 0.02 c 0.77
Control 27 a 17 0.11 c 0.09 0.05 a 0.74

1 Vegetative indices calculated: NDVI = normalized difference vegetative index, GNDVI = green NDVI (GNDVI),
CI = chlorophyll index and PSRI = plant senescence reflectance index. For details of treatments, see Stricker et al.,
2021 [20]. 2 Means in a column followed by the same letter do not differ based on Tukey’s multiple range test at
p > 0.05, ns = not significant.

Images taken on the earliest dates could not be analyzed because of the high intensity
of the black muck soil in the background. There were differences among treatments in
the vegetative indices taken later in the season (Tables 2–4), but these differences were not
correlated with differences in Stemphylium leaf blight incidence and severity in the three
trials, except CI correlated with SLB incidence and severity in August in the fungicide trial
in 2015 (Table 5).

In the cultivar trial in 2015, PSRI values were generally higher than the other veg-
etative indices. Additionally, PSRI values were higher in August relative to July, which
corresponded with leaf blight incidence and leaf dieback (Table 2). However, there was
no correlation between cultivar maturity (days to harvest maturity, as provided by the
seed companies) and PSRI in July (r = −0.142, p = 0.67) or August (r = −0.43, p = 0.17,
Spearman’s rank correlation). GNDVI values were generally lower than NDVI.

There were only a few relationships (Spearman’s rank correlation) among the different
indices in this study (Table 5) and no consistent pattern was found. In the cultivar trial,
there was a relationship between CI and GNDVI in July and August and GNDVI was
correlated with PSRI in July. In the fungicide timing trial in 2015, NDVI and PSRI were
correlated in July and August and CI was correlated to NDVI in July. GNDVI was related
to CI, but it was a negative association. There were five significant correlations among the
indices in the 2016 fungicide trial, but the pattern was different from the other trials. NDVI
was correlated with GNDVI in July and August and there was a negative relationship
between NDVI and CI in August. GNDVI was correlated with PSRI in July. This was the
only case where the same relationship was found in two trials. CI was related to PSRI in
the 2016 trial (Table 5).

In an ideal situation, the vegetative indices taken early in the season would provide
an indication of stress caused by an early infection and be related to the level of disease
severity that developed later. The relationship between the indices found in July was tested
for correlation with disease severity in August. There were no significant relationships.
Spearman’s correlation coefficients ranged from −0.25 to 0.16.
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Table 5. Correlation matrix for Stemphylium leaf blight (SLB) incidence and severity in July and
August in relation to four vegetative indices from onion trials conducted at the Muck Crops Research
Station, Ontario in 2015 and 2016.

SLB Incidence SLB Severity
(Leaf Dieback) NDVI GNDV1 PSRI

Trial and
Year July August July August July August July August July Aug

Cultivar, 2015

Inc. Aug 0.61 1 −0.14

NDVI 0.17 0.11 - 2 0.14

GNDVI −0.17 0.21 - −0.09 0.16 0.02

PSRI −0.09 −0.19 - −0.03 −0.07 −0.16 0.50 0.18

CI −0.05 0.18 - −0.08 0.19 −0.02 0.89 0.98 0.20 0.16

Fungicide, 2015

Inc. Aug 0.93 0.46

NDVI 0.02 −0.36 0.05 −0.31

GNDVI 0.12 −0.13 0.19 −0.07 −0.38 0.28

PSRI 0.22 −0.09 0.28 0.14 0.52 0.55 −0.26 0.30

CI 0.21 0.51 0.03 0.17 0.65 −0.35 −0.54 0.02 0.35 0.30

Fungicide, 2016

Inc. Aug 0.99 0.47

NDVI 0.10 0.06 - 0.01

GNDVI 0.13 0.18 - 0.24 0.43 0.49

PSRI −0.33 −0.01 - −0.08 0.15 −0.16 0.44 −0.20

CI −0.09 0.05 - 0.08 −0.08 −0.73 −0.10 −0.37 −0.11 0.40
1 Correlation coefficients in bold are significant at p > 0.05, Pearson correlation for SLB incidence and DSI,
Spearman rank correlation for vegetative indices; 2 There was no leaf dieback in the July assessment of the cultivar
trial and the 2016 fungicide trial.

4. Discussion

In the current study, the incidence and severity of Stemphylium leaf blight was higher
in 2015 relative to 2016, and blight incidence and severity differed among treatments in both
years. However, these differences were not captured by the vegetative indices calculated
from the aerial photographs. Stemphylium leaf blight continues to be the most important
disease of onion in north-eastern North America [11], and visual assessments remain the
best tool for detection and quantification of Stemphylium leaf blight.

Onion crops with higher leaf dieback caused by Stemphylium leaf blight were expected
to have lower NDVI, GNDVI, and CI values (associated with leaf area index and chlorophyll
content) and higher PSRI values (associated with senescence) compared to onion crops with
lower incidence. There were differences in the vegetative indices among the treatments
in several of the trials, but there was no relationship between the indices and visual
assessments of Stemphylium leaf blight incidence or severity, which was assessed as leaf
dieback. The one exception was CI and SLB incidence in the 2015 fungicide trial. PSRI
values were expected to be higher for older vegetation than for younger crops [36] and this
trend was observed in the current study.

There were, however, differences in the vegetative indices among the treatments. This
variation was similar to that reported from Huanglongbing-infected citrus trees [5,37].
However, in contrast to those studies, the indices showed no clear relationship with
levels of Stemphylium leaf blight. The differences might have been associated with other
physiological conditions, such as foliage color, maturation date [29], reflectance from foliage
that had received fungicide spray, or even how recently the fungicide had been applied.
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The onions in the 2015 cultivar trial did not receive fungicide applications but differed in
maturity. However, the maturity of the onion cultivars was not related to SLB severity [12].

Plant stress often leads to a reduction in chlorophyll content, resulting in an increase
in reflectance in the visible portion of the spectrum and a reduction in reflectance in the
NIR spectrum [38–40]. However, changes in chlorophyll content are not related exclusively
to disease [41]. The current study demonstrated the difficulty of early detection of Stem-
phylium leaf blight on onion. Onion leaf blades are upright and do not form the thick,
uniform canopy that might produce more consistent readings. It was expected that the
dark background of moist muck soil would provide contrast and improve the images. In
fact, images taken early in the season could not be assessed because the leaves could not be
distinguished from the soil background, even with images taken at only 15 m height. In this
instance, the dark, uniform color of the muck soil was a disadvantage for image analysis,
rather than the perfect background for these assessments that the authors anticipated.

Previous studies have shown that vegetative indices can also be influenced by crop
senescence [29,35]. Severe Stemphylium leaf blight on onion causes extensive necrosis [15],
which registers as senescence in these indices. Plant senescence reflectance index was the
index most sensitive to plant canopy senescence [36]. Although there was no consistent
relationship between PSRI and Stemphylium leaf blight incidence or severity, PSRI values
in August were higher than in July. This observation was in agreement with previous
studies in corn [29] and sunflower [36]. Differences in PSRI in the current study were likely
associated with a difference in senescence among the cultivars resulting from differences in
days to maturity. However, it is important to note that there was no significant association
between PSRI and plant maturity, as characterized by the days to harvest information
provided by the seed companies.

One important failure in this study resulted from taking the advice of experts. The
commercial company that provided and flew the drone that took the aerial pictures recom-
mended that the reflectance information be stored in JPEG format because the images are
small and easy to work with. That recommendation was suitable for many of their clients
but was a problem for our study in 2015 because JPEGs compression is lossy (irreversible)
and results in loss of data. In 2016, the images were saved in TIFF format, which was larger
but retained more data compared to JPEG. However, note that TIFF files have both lossy
and lossless (reversible) compression formats [42], so care is required for any compression
activity. We also lost images when the drone was not positioned directly above the ROI,
which reduced the reliability of the analysis.

In many ways, this study represents a cautionary story for plant pathologists interested
in using UAV technology for disease detection and quantification. For best results, flights
need to be carefully monitored to ensure that suitable checks for light intensity, reflectance
and cloud cover are obtained. File transfer and storage require special care, and file
compression should only be undertaken with caution. Finally, simple cameras may not
be suitable for disease detection and quantification. Images from hyperspectral cameras
capture images that can contain as many as 200 or more contiguous spectral bands [43],
which provides users with a wide range of potential indices that have the potential to be
specific to specific host-pathogen interactions [27]. Using hyperspectral cameras also made
it possible to separate background pixels from leaf pixels, in a study on paddy rice [44].
This would have been useful for the current study. It might be possible to develop a specific
vegetative index for Stemphylium leaf blight severity using multispectral reflectance.

5. Conclusions

Visual assessments of incidence and severity of Stemphylium leaf blight of onion
were compared to images taken with a near infrared camera carried by a low-flying drone.
Disease was assessed in a cultivar trial and two trials with different timings of fungicide
sprays. The digital images were processed to provide four indices related to reflectance
from the leaves. Differences among treatments were found using the visual assessment
and the indices. However, NDVI and other standard indices were not related to disease
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incidence or severity. To date, visual assessments remain the only useful disease assessment
method for Stemphylium leaf blight on onion.
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