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A B S T R A C T

Onion thrips (Thrips tabaci) is a significant pest of onion worldwide, causing both direct and indirect damage to
the crop. Integrated pest management of onion thrips should improve profitability and sustainability of onion
production. Promising management approaches include reducing nitrogen application rates, using thrips-re-
sistant cultivars and implementing action threshold-based insecticide programs. However, the impact of these
integrated pest management approaches on thrips densities and damage, crop yield, and thrips-associated plant
diseases like iris yellow spot (IYS) (caused by Iris yellow spot virus) and bacterial center rot (caused by Pantoea
agglomerans and P. ananatis) remains largely unknown. In a two-year field trial in New York, combinations of
varying levels of nitrogen applied at planting (67, 101 and 140 kg ha−1) and different insecticide programs
(standard weekly insecticide program and action threshold-based insecticide program) were evaluated for onion
thrips management in onion cultivars that had moderate resistance (‘Avalon’), low resistance (‘Delgado’) and no
resistance (‘Bradley’) to onion thrips. Results indicated that regardless of cultivar, nitrogen did not affect larval
thrips densities, onion yields, IYS or bacterial center rot. Across all cultivars, insecticide use (both programs)
significantly reduced larval thrips densities and damage, IYS severity and incidence, and increased onion yield.
Insecticide use did not consistently affect the incidence of bacterial center rot. Both insecticide programs reduced
onion thrips larval densities by 60–81% relative to the untreated control, but the action threshold-based ap-
plication program used 2.8 fewer applications than the standard program. ‘Avalon’ had low thrips densities and
IYS disease, but required the same number of insecticide applications as ‘Bradley’. Onion yields in both in-
secticide programs were statistically similar in both years, and bulb weights averaged 10–54% more than those
in the untreated control. Our results indicated that growers can reduce nitrogen levels at planting and insecticide
use without compromising control of either onion thrips or IYS disease or onion bulb yields.

1. Introduction

Integrated insect pest management often addresses the direct effects
of insect feeding damage to a crop, but does not consider the impacts of
indirect effects such as those arising from plant pathogen-insect inter-
actions. Onion thrips (Thrips tabaci Lindeman) is an example that exacts
both direct and indirect effects on its host, onion (Allium cepa L.). Severe
infestations of onion thrips can account for substantial onion yield re-
ductions if unmanaged (Fournier et al., 1995; Nault and Shelton 2008;
Rueda et al., 2007). As a direct pest, onion thrips adults and larvae feed
on onion leaves, decreasing photosynthetic potential, and thereby re-
ducing bulb size (Boateng et al., 2014; Lewis 1997). Damage to leaves

also induces physiological stress, which accelerates leaf senescence
(Kendall and Bjostad, 1990; Levy and Kedar, 1970) and reduces bulb
size. Bulb weight losses as high as 60% have been reported from onion
thrips damage (Rueda et al., 2007), which tends to vary based on lo-
cation, severity of infestation, and environmental stress (see review by
Gill et al., 2015).

As an indirect pest of onion, onion thrips has been associated with
an array of viral, bacterial and fungal plant pathogens (Dutta et al.,
2014; Gent et al., 2006; McKenzie et al., 1993). Onion thrips is the
principal vector of the economically significant tospovirus, Iris yellow
spot virus (IYSV) (genus Tospovirus, family Bunyaviridae), which reduces
size and quality of bulbs (Gent et al., 2004; Muñoz et al., 2014). Under
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severe IYSV infections, lesions coalesce and girdle onion leaves, thus
inhibiting onion development. Damage by IYSV can range from insig-
nificant to complete yield loss (i.e., no marketable bulbs) (Gent et al.,
2006). In a study conducted in Colorado, annual incidence of IYSV
varied from 6 to 73% over three years (Gent et al., 2004). Similarly, in
New York, Hsu et al. (2010) reported varying IYSV incidences from 0%
to 97% over two years. Managing the vector, onion thrips, is currently
the primary means for reducing IYSV incidence and severity (Bag et al.,
2015; Gent et al., 2006).

Onion thrips also transmits bacterial center rot pathogens (Pantoea
agglomerans and P. ananatis) to onion (Dutta et al., 2014). Center rot is a
significant disease that can impact onions in the field and storage. Dutta
et al. (2014) isolated both bacterial species in the midgut and feces of
adult onion thrips. Subsequent transmission experiments indicated that
adults could successfully transmit the pathogen to onion seedlings, with
approximately 30 to 70% of seedlings becoming infected. Even when
thrips do not directly transmit bacteria, their feeding creates wounds in
which pathogenic bacteria likely enter. While bacterial center rot in-
cidence can be variable, bulb yield losses upwards of 75% have been
reported in New York (Stivers, 1999). The role that onion thrips man-
agement has on the incidence and severity of onion diseases like iris
yellow spot (IYS) and bacterial bulb rots has not been thoroughly ex-
amined.

Insecticide use is the most common management practice to control
onion thrips in commercial onion production (Gill et al., 2015). In many
cases, insecticides are exclusively relied upon to manage onion thrips
infestations. However, in the past two decades, onion thrips have de-
veloped resistance to three chemical classes: pyrethroids, carbamates,
and organophosphates. Resistance to these insecticides has been ob-
served in many countries including the United States, Canada, New
Zealand, and Australia (Herron et al., 2008; MacIntyre-Allen et al.,
2005; Martin et al., 2003; Shelton et al., 2003, 2006). Utilizing multiple
management techniques should not only slow the onset of insecticide
resistance in onion thrips populations, but also limit harmful environ-
mental effects that may arise from excessive insecticide applications.
There are many different pest management techniques that have been
reported to control onion thrips infestations (Gill et al., 2015). How-
ever, in commercial onion production, the amount of nitrogen applied,
cultivar selection, and the type and frequency of insecticides applied
have offered the greatest potential for reducing damage by onion thrips
and associated plant diseases. Moreover, these management tactics are
practical and most likely to be adopted by growers.

Appropriate levels of nitrogen during the growing season are critical
to the establishment and development of the onion crop. However,
excessive amounts of nitrogen fertilizer have been associated with
greater onion thrips densities (Buckland et al., 2013; Malik et al., 2009).
Buckland et al. (2013) found that onions treated with 134 kg N ha−1

had 23–31% fewer onion thrips than those onions treated with
402 kg N ha−1. Similarly, Malik et al. (2009) reported nearly twice as
many thrips on onions supplemented with 200 kg N ha−1 compared
with 50 to 150 kg N ha−1. Thus, applying low levels of nitrogen ferti-
lizer at onion planting may be an integral component of an onion thrips
management program.

Currently, there are no onion cultivars that are completely resistant
to onion thrips feeding, but some cultivars are partially resistant and
suffer less feeding damage with little to no effect on bulb size. Both leaf
waxiness and color have been reported to affect onion thrips densities.
Cultivars with yellow-green leaves tend to be ‘semi-glossy’ and support
fewer onion thrips, whereas those ‘waxy’ cultivars with blue-green
leaves tend to have greater levels of epicuticular wax and are highly
susceptible to onion thrips (Boateng et al., 2014; Diaz-Montano et al.,
2012a). Damon et al. (2014) found that cultivars with blue-green leaves
typically had a high amount of cuticular wax containing the ketone
hentriacontanone-16 (H16), and onions with yellow-green, semi-glossy
leaves had less cuticular wax and low levels of the H16 ketone. Thus,
yellow-green, ‘semi-glossy’ onion cultivars should be included in an

onion thrips management program.
The use of thresholds to manage onion thrips in onion has been

examined for the past three decades (Fournier et al., 1995; Nault and
Huseth, 2016; Rueda et al., 2006; Shelton et al., 1987). Consistently,
researchers have reported that insecticides applied following action
thresholds can provide effective thrips control. Hoffmann et al. (1995)
found that an action threshold-based insecticide program provided
equivalent thrips control as a standard insecticide program, but the
action threshold-based program reduced insecticide applications by
37%. Nault and Huseth (2016) also compared an action threshold-based
insecticide program with a standard insecticide program (weekly ap-
plications) and found equal levels of thrips control, but the action
threshold-based program reduced insecticide applications between 34
and 46%. Additionally, onion bulb weights were equivalent following
the standard and action threshold-based programs.

The purpose of our study was to 1) examine the effect of an in-
tegrated pest management program that combined the aforementioned
thrips management techniques (low nitrogen rate at planting, thrips-
resistant onion cultivar, and an action threshold-based insecticide
program) on onion thrips densities, damage and onion yield, and 2)
examine the effect of this integrated pest management program on the
incidence and severity of two thrips-associated plant diseases, iris
yellow spot and bacterial rot, in onion. We hypothesized that a reduced
rate of nitrogen paired with an action threshold insecticide program
would provide effective thrips and disease management without com-
promising marketable yield. Moreover, we expected the greatest re-
duction in agri-chemical input (lower amount of nitrogen and fewer
insecticide applications) in the cultivar with the highest resistance to
thrips.

2. Materials and methods

2.1. Experimental design

Field studies were conducted on a commercial onion farm near Elba,
NY in 2015 and 2016. Soil type at the test sites was ‘Carlisle’ muck
(NRCS, 2016). Three onion cultivars ranging from moderate levels of
resistance to no resistance to onion thrips were chosen based on their
leaf waxiness and color (Damon et al., 2014; Diaz-Montano et al.,
2012a). ‘Avalon’ (Crookham Co., Caldwell, ID) has yellow-green, semi-
glossy foliage and has a moderate level of resistance to thrips, while
‘Delgado’ (Bejo Seeds, Inc., Oceano, CA) has green, semi-glossy foliage
and has a low level of resistance to thrips. ‘Bradley’ (Bejo Seeds, Inc.,
Oceano, CA) has blue-green, waxy foliage and is highly susceptible to
thrips. All cultivars are intermediate to long-day, yellow onions with
similar days to harvest; ‘Avalon’ matures in 115 days, ‘Delgado’ in
118 days and ‘Bradley’ in 118 days. Fields were planted using a vacuum
seed planter with approximately 646,000 onion seeds per hectare on 28
Apr 2015 and 16 Apr 2016. Seeds were treated with FarMore FI500
(mefenoxam [0.15 g ai/kg of seed], fludioxonil [0.025 g ai/kg of seed],
azoxystrobin [0.025 g ai/kg of seed], spinosad [0.2 mg ai/seed] and
thiamethoxam [0.2 mg ai/seed]) and Pro-Gro (carboxin [7.5 g ai/kg of
seed] and thiram [12.5 g ai/kg of seed]) to improve plant establishment
by protecting seedlings from maggots (Delia spp.) and seedling diseases.

Because each cultivar has a different yield potential, bulb yields
were not compared among cultivars. Therefore, each cultivar was
planted into separate blocks that were 28 m x 40 m. All three blocks
were contiguous and separated from each other by only 1–3 m. Within
each cultivar, there were nine treatments in a 3 (nitrogen rate) x 3
(insecticide program) factorial. Nitrogen rates were 67, 101 and
140 kg ha−1; insecticide programs were standard weekly applications,
applications based on an action threshold and an untreated control.
Nitrogen rates were chosen according to current grower practices and
management guidelines in New York: 140 kg N ha−1 (standard rate),
101 kg N ha−1 (28% reduction from the standard rate), and
67 kg N ha−1 (52% reduction from the standard rate) (Reiners and
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Seaman, 2015). Treatments were replicated five times and arranged in a
randomized complete block design, amounting to 45 experimental plots
per cultivar. Experimental plots were 1.5 m wide x 6 m long and con-
sisted of 5 rows of onion plants. Urea nitrogen (46-0-0) was in-
corporated into plots at planting. Experimental plots were also sup-
plemented at planting with the appropriate rates of potassium
(potassium chloride; 0-0-60; N-P-K) and phosphorus (triple superpho-
sphate; 0–46-0; N-P-K) per current soil tests and corresponding fertility
guidelines. All experimental plots were surrounded by either 1.5 m of
bare ground or non-nitrogen treated onions to minimize the chances
that nitrogen would move between plots. Soil nitrate levels were tested
in all fields prior to planting to ensure that soil did not have excessively
high levels of soil nitrate; all fields tested were within the low to normal
range of soil nitrate (15–50 ppm) (Hoepting, 2009).

Treatments receiving the standard insecticide program were
sprayed every week, while those receiving the action threshold program
were sprayed only when the onion thrips population met or surpassed
an action threshold of 1 larva per leaf (Nault and Huseth, 2016; Nault
and Shelton, 2010). The untreated control did not receive foliar-applied
insecticides. Insecticide applications were made in accordance with
current insecticide resistance management recommendations and
guidelines (Reiners and Seaman, 2015). All insecticide programs were
initiated when treatments reached a mean density of approximately 0.8
larva per leaf. Plots were scouted weekly beginning on 24 Jun 2015 and
21 Jun 2016, and insecticide program treatments were initiated on 15
Jul 2015 and 5 Jul 2016. Standard insecticide programs concluded on
25 Aug 2015 and 8 Aug 2016. Action threshold insecticide program
treatments concluded on 18 Aug 2015 and 8 Aug 2016.

Four insecticides, each with a different mode of action, were rotated
such that no insecticide was applied more than twice within a growing
season. Insecticides were applied with the following sequence and rates:
spirotetramat at 0.08 kg (AI) ha−1 (Movento; Bayer CropScience,
Research Triangle Park, NC), abamectin at 0.02 kg (AI) ha−1 (Agri-Mek
SC; Syngenta, Greensboro, NC), spinetoram at 0.07 kg (AI) ha−1

(Radiant SC; Dow AgroSciences, Inc., Indianapolis, IN), and cyan-
traniliprole at 0.1 kg (AI) ha−1 (Exirel; DuPont, Wilmington, DE).
Insecticides were applied with a CO2-pressurized backpack sprayer with
four, twin flat-fan nozzles (TJ-60-8003VS; TeeJet Technologies
Harrisburg, PA). All insecticides were co-applied with an adjuvant at
0.5% v:v (Induce; Helena, Collierville, TN) to increase efficacy (Nault
et al., 2013).

There were no other insect pests that damaged the onions in this
experiment. Weeds and plant pathogens were managed according to
Cornell vegetable management guidelines and recommendations
(Reiners and Seaman, 2015).

2.2. Nitrogen assessments

Foliar nitrogen assessments were completed at three developmental
stages: pre-bulbing (3–5 leaves per plant), bulbing (5–8 leaves per
plant), and post-bulbing (9+ leaves per plant). Ten randomly selected
leaves per plot were collected to create an average composite sample.
Leaves were transported to the New York State Agricultural Experiment
Station in Geneva, NY. Leaves were washed with distilled water, dried
at 70 °C for at least 48 h and ground through a 40-mesh screen. Soil
samples were submitted to Cornell Nutrient Analysis Laboratory in
Ithaca, NY where total carbon, nitrogen, and hydrogen were de-
termined using combustion analysis (Kalra, 1998).

Plant growth was monitored throughout the growing season. Leaf
length was measured twice during each developmental stage, and
number of leaves per plant was recorded weekly. The number of green
leaves was counted on 15 randomly selected onion plants. To estimate
leaf length, the tallest leaf on 15 randomly selected plants in each plot
was taken.

2.3. Onion thrips sampling and damage

Numbers of onion thrips adults and larvae were counted every week
in every plot. Fifteen plants, randomly selected from the inner three
rows, were visually examined for thrips. Counts began after coloniza-
tion, which occurred when plants had approximately 4–5 leaves, and
continued until 80% or more of the plants had lodged. Thrips were
monitored for 11 weeks in 2015, and 9 weeks in 2016. Voucher spe-
cimens are held at the New York State Agricultural Experiment Station
in Geneva, NY.

Onion thrips damage was assessed when most plants had matured.
Each plot was assigned a rating between 0 and 100 based on thrips
feeding damage (modified from Nault and Shelton, 2010). The rating
scale was continuous, and ratings were assigned using the following
reference points: 0: leaves devoid of thrips feeding, 50: 50% of leaves
appear white due to thrips feeding, 100: complete damage, 100% of
leaves appear white from thrips feeding. Damage ratings were com-
pleted on 22 Aug 2016; no damage ratings were collected in 2015 be-
cause a late-season outbreak of Stemphylium leaf blight obstructed
thrips damage symptoms.

2.4. Iris yellow spot virus (IYSV)

Fifteen plants per plot were visually examined for characteristic IYS
symptoms from the inner three rows of onions. Symptoms included
leaves exhibiting lesions that were either tan or straw colored
(Schwartz and Mohan, 2008). Plants were assessed based on the pre-
sence or absence of IYS disease symptoms. In 2015, plots were eval-
uated on two dates during the growing season, 29 Jul and 29 Aug.
Because IYS was more severe in 2016, sampling intensity increased to
five dates: 24 Jul, 1 Aug, 8 Aug, 15 Aug, and 22 Aug.

Severity of IYS was determined using a scale from 0 to 4 as de-
scribed in Schwartz and du Toit (2005). Fifteen plants per plot, ran-
domly selected from the inner three rows of onions, were visually as-
sessed and each given a rating: 0 = no lesions, 1 = 1-2 small lesions
per leaf, 2 = 1-2 medium sized lesions per leaf, 3 = 25% of leaves with
lesions that were coalescing, or 4 = 50% or more of the leaves had
coalesced lesions. Onions were assessed on 1 Sept 2015 and 24 Aug
2016. An outbreak of Stemphylium leaf blight in 2015, which obstructed
IYS symptoms late in the season, precluded IYS severity ratings to be
taken in two of the three cultivars; only ‘Delgado’ was assessed. All
cultivars were assessed for IYS severity in 2016.

While IYS disease has very characteristic symptoms and is not
commonly confused with other diseases or physiological problems in
onion in New York State, we wanted to confirm our visual assessments
using RT-PCR on a subset of plants that were symptomatic following the
protocol described in Hsu et al. (2011). Thus, we randomly selected ten
plants expressing IYS symptoms in 2015 and again in 2016 and all were
confirmed positive.

2.5. Bacterial bulb rot

Onion bulbs were assessed for bacterial rot at harvest and another
set of bulbs were assessed three months after harvest while in storage.
Onions were cured in the field, and then transported to the New York
State Agricultural Experiment Station in Geneva, NY. To reduce the
potential confounding effect of bacterial rot on bulb size, only standard-
sized (diameter of 4.9 cm to 7.6 cm, weight of 90 g to 160 g) bulbs were
assessed for rot. Approximately 50 standard-sized bulbs per plot were
assessed for rot at harvest and an additional 50 bulbs were assessed
three months after harvest. All onion bulbs were cut longitudinally and
examined for bacterial rot. Bacterial bulb rot was classified based on
symptoms when possible. Onion bulbs were considered to have ‘center
rot’ when rot was present only in the inner scales of the onion, and
‘outer rot’ when rot was present in the outer scales of the onion. Sub-
samples of onion bulbs that were stored for three months were placed in
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nylon bags, and stored in a ventilated, temperature controlled building.
Onions were stored between 0–3°C and 60–75% relative humidity.
Number of rotten bulbs at harvest were added to number of rotten bulbs
three months after harvest to create an estimate of total rotten onion
bulbs for a given plot. Bacterial species were identified from a random
sub-sample of 20 onion bulbs per treatment that were symptomatic for
bulb rot. Bacteria from symptomatic bulbs were recovered using a semi-
selective onion extract medium (Zaid et al., 2012). Bacteria known to
cause bacterial rot of onion were identified by PCR.

2.6. Onion bulb yield

Bulbs were harvested when 80% or more of the plants had lodged
for each cultivar. Onion plants were undercut, and cured in the field for
a week prior to harvest. Onions were harvested on 6 Sept 2015 and 25
Aug 2016. After curing, onions were placed in nylon bags, and trans-
ported to the New York State Agricultural Experiment Station in
Geneva, NY. Any remaining dried leaves on onion bulbs were me-
chanically removed, and bulbs weighed. Bulbs were classified ac-
cording to bulb diameter, and assigned a size class of either ‘boiler’
(2.5 cm–4.8 cm), ‘standard’ (4.9 cm–7.6 cm), or ‘jumbo’ (≥7.7 cm).
Bulbs that were either ‘standard’ or ‘jumbo’ were considered market-
able, and ‘boiler’ bulbs unmarketable. Marketable yields for treatments
were then extrapolated to estimate mean tons per hectare based on
onion stand counts recorded in each cultivar in 2015 and 2016.

2.7. Statistical analysis

Data for each cultivar were analyzed independently based on the
rationale mentioned earlier and data within each year were analyzed
separately because environmental conditions were extremely different
(Table 1). Data were analyzed using a generalized linear mixed model
(SAS PROC GLIMMIX, 2016; SAS Institute, Cary, NC). Nitrogen rate and
insecticide program were treated as fixed effects and replicate as a
random effect.

All count data, including seasonal mean number of adult and larval
onion thrips per leaf and mean number of onion leaves per plant were
analyzed assuming a negative binomial distribution. Leaf length, per-
cent total nitrogen, and marketable yield were analyzed assuming a
normal distribution. IYS severity data was log-transformed prior to
analysis to normalize the data and homogenize variation, and then
analyzed assuming a normal distribution. Bacterial rot incidences were
analyzed as a binomial distribution (n rotten onion bulbs/total onion
bulbs, n bulbs with center rot/total rotten bulbs). A low amount of
bacterial center rot in ‘Bradley’ precluded its inclusion in the analysis
for center rot incidence in 2015. IYS incidence was also analyzed as a
binomial distribution (n plants expressing IYS symptoms/total plants
examined). IYS incidence was only analyzed when it was above 0% or
below 100%. Thus, analysis of IYS incidence was completed for 22 Aug
2015, 25 Jul 2016, and 1 Aug 2016. Treatments in each analysis were
compared using least squared means (P < 0.05).

3. Results

3.1. Nitrogen assessments

3.1.1. Foliar nitrogen assessments
Total nitrogen levels in onion leaves at pre-bulbing, bulbing, and

post-bulbing were not significantly affected by nitrogen rate, insecticide
treatment, or the interaction between nitrogen rate and insecticide
treatment in any cultivar in both years (P > 0.05) (data not shown).
Foliar nitrogen ranged from 3.5 to 5.9% over the course of the growing
season in all cultivars. Percent nitrogen in onion leaves decreased at
each developmental stage, with highest values recorded at pre-bulbing
and lowest at post-bulbing in both years.

3.1.2. Length and number of leaves
In all cultivars, mean leaf length and total number of leaves were

not significantly different in any of the treatments in either year
(P > 0.05) (data not shown). Mean number of leaves and leaf length
increased over the duration of the season in both years, and reached
maximum lengths and counts in early to mid-August in every cultivar.

3.2. Onion thrips densities and damage

3.2.1. Onion thrips larvae
Although differences among cultivars were not statistically com-

pared, ‘Avalon’ had the fewest seasonal mean number of thrips larvae
per leaf in untreated plots. There was 0.5-1 fewer larva per leaf in
‘Avalon’ than in ‘Delgado’ and ‘Bradley’ in 2015 and 2016.

Onion thrips larvae were more abundant than adults. Larvae ac-
counted for 65–82% of total mean thrips per leaf in 2015 and 65–73%
in 2016. The seasonal mean larval densities were significantly affected
by the insecticide program in both years (Table 2), but not by nitrogen
rate nor the interaction between nitrogen rate and insecticide program
(P > 0.05) (data not shown). The highest seasonal mean densities of
larvae occurred in untreated controls and exceeded the economic
threshold of 2.2 thrips per leaf in all cultivars in both years (Fournier
et al., 1995).

In 2015 for all cultivars, larval densities in the action threshold and
standard insecticide programs were significantly lower than those in
the untreated control (Avalon: P < 0.0001, F2,32 = 21.7, Delgado:
P < 0.0001, F2,32 = 19.6 and Bradley P < 0.0001, F2,32 = 32.4), but
larval densities were statistically similar between the two insecticide
programs (Table 2). Larval densities in ‘Avalon’, ‘Delgado’ and ‘Bradley’
were reduced by 79, 70, and 83%, respectively, using either an action
threshold or standard insecticide program. Similarly, in 2016, larval
densities in the action threshold and standard insecticide programs
were significantly lower than those in the untreated control (Avalon:
P = 0.002, F2,32 = 7.4, Delgado: P < 0.0001, F2,32 = 18.9, Bradley:
P = 0.0008, F2,32 = 8.9) (Table 2). Larval densities in the action
threshold and standard insecticide treatments reduced larval densities
by 40–83% in comparison with untreated control (Table 2). In ‘Avalon’
and ‘Delgado’, larval densities in the action threshold and standard
insecticide programs were statistically similar, whereas in ‘Bradley’
larval densities in the standard insecticide program were significantly
lower than in the action threshold-based program (Table 2).

In all cultivars, larval onion thrips densities peaked in late July to
early August in 2015 and 2016, respectively (Fig. 1). Peaks in larval
onion thrips densities in untreated controls were preceded by peaks in
adult densities in every cultivar in both years. In 2015, larval densities
peaked in action threshold and standard insecticide treatments on 22
July (Fig. 1). However, the largest larval population densities were
recorded on 29 Jul in untreated controls, with mean maximums of 21.5,
22.5, and 33.3 larvae per leaf in ‘Avalon’, ‘Delgado’, and ‘Bradley’, re-
spectively. In 2016, the highest numbers of thrips larvae were recorded
on 8 Aug in action threshold treatments in cv. ‘Avalon’ and ‘Bradley’,
and untreated control in cv. ‘Delgado’, with peak densities of 5.6, 13.6,

Table 1
Weather conditions in 2015 and 2016 near Elba, NY.

Month Minimum
temp. (°C)

Maximum
temp. (°C)

Mean temp. (°C) Total rainfall (cm)

2015 2016 2015 2016 2015 2016 2015 2016

May 1.1 3.3 31.7 32.2 17.2 15 8.4 3.1
June 7.2 6.7 28.9 32.2 18.9 20 12.8 3.3
July 10 12.8 32.8 32.8 21.7 23.3 6.1 4.6
August 11.1 13.9 31.7 33.3 21.1 24.4 11.2 10.6
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and 8.6 respectively. Densities of onion thrips larvae in all treatments
and cultivars decreased in mid-August and remained below 2 thrips per
leaf until harvest in 2015 and 2016.

3.2.2. Onion thrips adults
Fewer adults were recorded in 2016 than in 2015. In both years,

mean number of adults per leaf was not significantly impacted by

Table 2
Mean densities of larval onion thrips populations during the season in three onion cultivars varying in susceptibility to onion thrips and treated following different insecticide programs.
Studies were conducted in commercial fields near Elba, NY in 2015 and 2016. Insecticide applications were made weekly in the standard program and only when thrips densities ≥1
larva/leaf in the action threshold-based program. Means within the same cultivar and year that share the same letter are not significantly different (P > 0.05; LSmeans).

Cultivar Insecticide program Seasonal mean (± SE) number of onion thrips larvae/leaf Mean number of insecticide applications

2015 2016 2015 2016

Avalon Untreated control 3.5 ± 0.5 a 2.4 ± 0.4 a – –
Action threshold 0.8 ± 0.1 b 1.3 ± 0.3 b 3.7 3
Standard 0.7 ± 0.1 b 0.6 ± 0.2 b 7 6

Delgado Untreated control 4.0 ± 0.5 a 3.6 ± 0.5 a – –
Action threshold 1.3 ± 0.2 b 0.9 ± 0.3 b 4.7 4
Standard 1.1 ± 0.2 b 0.6 ± 0.2 b 7 6

Bradley Untreated control 4.9 ± 0.8 a 3.2 ± 0.4 a – –
Action threshold 0.9 ± 0.1 b 1.9 ± 0.5 b 3.7 3.3
Standard 0.8 ± 0.1 b 0.7 ± 0.2 c 7 6

Fig. 1. Mean densities of onion thrips during the season in onion cultivars with varying susceptibility to onion thrips, ‘Avalon’ (A and D), ‘Delgado’ (B and E), and ‘Bradley’ (C and F) in
2015 (A–C) and 2016 (D–F). Densities of larvae are shown for plots that were either not treated with insecticides (control) or treated following either a standard or threshold-based
insecticide program, whereas densities of adults are shown for plots pooled across all insecticide treatments. Studies were conducted in commercial fields near Elba, NY. Monitoring thrips
densities began when onions had 4–5 leaves, and concluded near harvest. Standard and action threshold-based insecticide programs were initiated on 15 July 2015 and 5 July 2016.
Insecticide applications were made weekly in the standard program and only when thrips densities were≥1 larva/leaf in the action threshold program. See Table 2 for average number of
insecticide applications.
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nitrogen rate, insecticide program, or the interaction between in-
secticide program and nitrogen rate in any cultivar (P > 0.05) (data
not shown). Consistently in 2015 and 2016, ‘Avalon’ had the lowest
mean number adult thrips per leaf, 0.5 and 0.4 respectively, and
‘Delgado’ had the highest mean number of adult thrips per leaf both
years, 0.9 and 0.8 respectively. ‘Bradley’ had seasonal means of 0.6 and
0.7 adults per leaf in 2015 and 2016, respectively.

In 2015 and 2016, adult onion thrips colonized onion fields in early
to mid- June and densities remained low, below 1 adult per leaf, until
mid- to late-July when densities peaked (Fig. 1). In 2015, the largest
numbers of adults were recorded between 13 Jul and 22 Jul. Adults
reached maximum densities of 2.6, 4.0, and 3.1 adult thrips per leaf in
‘Avalon’, ‘Delgado’, and ‘Bradley’, respectively. In 2016, adult densities
peaked from 19 Jul to 1 Aug, with maximum densities of 0.9, 2.2, and
1.6 adult thrips per leaf in ‘Avalon’, ‘Delgado’, and ‘Bradley’ respec-
tively. In both years and all cultivars, adult densities decreased in early
August and remained below one adult per leaf until harvest.

3.2.3. Onion thrips damage
Damage ratings were significantly affected by the interaction be-

tween nitrogen rate and insecticide program in all cultivars (Avalon:
P = 0.036, F4,32 = 2.9, Delgado: P = 0.015, F4,32 = 3.6 and Bradley
P = 0.0002, F4,32 = 7.8) (Fig. 2). For every cultivar, the most damage

was recorded in the untreated control, and the least in standard in-
secticide treatments. Damage ratings in standard insecticide treatments
in ‘Avalon’, ‘Delgado’, and ‘Bradley’ were 37, 67, and 75% lower, re-
spectively, than ratings in the untreated control. While damage levels in
the untreated controls did not vary much across nitrogen rates, damage
levels in the action threshold treatments that received 140 kg N ha−1 or
101 kg N ha-1in ‘Delgado’ and ‘Bradley’ tended to be higher than those
at 67 kg N ha−1. Additionally, higher levels of damage were recorded
in standard insecticide treatments supplemented with 140 kg N ha−1 in
‘Avalon’ compared to other nitrogen rates (Fig. 2).

3.2.4. Insecticide applications
Fewer insecticide applications were consistently made following the

action threshold programs compared with the standard insecticide
programs (Table 2). In 2015, frequency of insecticide applications in
action threshold treatments decreased by 47% in ‘Avalon’ and ‘Bradley’,
and 33% in ‘Delgado’ compared with the frequency of applications in
the standard insecticide programs. In 2015, larval densities surpassed
the action threshold of 1 thrips larva per leaf on four dates in ‘Avalon’
and ‘Bradley’, and five dates in ‘Delgado’. In 2016, frequency of in-
secticide applications in action threshold treatments decreased by 50%
in ‘Avalon’, 33% in ‘Delgado’, and 45% in ‘Bradley’ compared with the
frequency of applications in the standard insecticide programs. Larval

Fig. 2. Mean (± SE) onion thrips damage ratings
(0–100 scale) for onions that received different
combinations of nitrogen fertilizer at planting and
insecticide programs for managing onion thrips for
each of three onion cultivars, ‘Avalon’ (A), ‘Delgado’
(B), and ‘Bradley’ (C). Studies were conducted near
Elba, NY in 2016. Standard and threshold-based in-
secticide programs were initiated on 5 July 2016.
Insecticide applications were made weekly in the
standard program and only when thrips densities
were ≥1 larva/leaf in the action threshold program.

A. Leach et al. Agriculture, Ecosystems and Environment 250 (2017) 89–101

94



onion thrips densities exceeded the action threshold on three dates in
‘Avalon’, and on four dates in ‘Delgado’ and ‘Bradley’. Overall, numbers
of insecticide applications were similar across the various nitrogen rates
within each cultivar.

3.3. Iris yellow spot virus (IYSV)

3.3.1. IYS incidence
IYS incidence reached very high levels by the end of each season. In

2015 for all cultivars, the incidence of IYS (% plants exhibiting IYS
disease) was not influenced by nitrogen rate, insecticide program or an
interaction (P > 0.05). No plants exhibited symptoms on 24 Jul, but
by the end of the season 60–80% of the plants had IYS symptoms
(Fig. 3). In contrast in 2016 for all cultivars, the incidence of IYS was
significantly influenced by insecticide program on 25 Jul (Fig. 3). IYS
incidence was significantly affected by insecticide treatments in all
cultivars (Avalon: P = 0.0005, F2, 32 = 9.9, Delgado: P < 0.0001, F2,
32 = 36.1 and Bradley P = 0.014, F2, 34 = 3.7). In late July, more
onion plants in untreated control plots displayed IYS symptoms than
those in action threshold and standard insecticide treatments. On 25
Jul, symptoms of IYS in ‘Avalon’, ‘Delgado’ and ‘Bradley’ were first

detected 14%, 19%, and 37% (overall mean) of plants exhibiting IYS
symptoms, respectively. By 15 Aug, 100% of all onions in every cultivar
displayed IYS symptoms (Fig. 3).

3.3.2. IYS severity
IYS symptoms were less severe in 2015 than in 2016. In 2015,

‘Delgado’ had a mean severity value of 1.3 ± 0.3 (on a scale of 0–4)
and displayed few, small- to medium-sized, IYS lesions on leaves.
Severity of IYS was not statistically different in any treatments in
‘Delgado’ in 2015 (P > 0.05) (data not shown). Conversely in 2016,
IYS severity averaged 2.9, 3.0, and 3.1 in ‘Avalon’, ‘Delgado’, and
‘Bradley’, respectively (Fig. 4). Most assessed plants exhibited leaf
dieback and lesion coalescence from the IYSV infection. In ‘Avalon’ and
‘Delgado’, IYS severity was only significantly impacted by insecticide
program (Avalon: P = 0.0005, F2, 32 = 9.9, Delgado: P < 0.0001, F2,
32 = 36.1). IYS severity in action threshold and standard insecticide
programs were statistically similar, and had 16 and 30% lower severity
levels, respectively, compared with levels in the untreated control. For
‘Bradley’, IYS severity was significantly impacted by the interaction of
insecticide program and nitrogen rate (P = 0.014, F4, 34 = 3.7)
(Fig. 5). IYS severity in untreated controls and standard insecticide

Fig. 3. Mean IYS incidence (proportion of plants with symptoms) in onions treated with different insecticide programs for managing onion thrips in each of three onion cultivars that
varied in susceptibility to onion thrips, ‘Avalon’ (A and D), ‘Delgado’ (B and E), and ‘Bradley’ (C and F) in 2015 (A-C) and 2016 (D-F). Studies were conducted in commercial fields near
Elba, NY. Monitoring IYS incidence began when virus symptoms were first detected and concluded near harvest. Standard and threshold-based insecticide programs were initiated on 24
July 2015 and 25 July 2016. Insecticide applications were made weekly in the standard program and only when thrips densities ≥1 larva/leaf in the action threshold-based program.
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programs were similar across all nitrogen rates. However, in action
threshold treatments treated with 140 kg N ha−1 had higher levels of
IYS severity as compared to action threshold treatments treated with 67
and 101 kg N ha−1.

3.4. Bacterial rot incidence

Multiple bacterial species were identified by PCR in rotten bulbs
including Enterobacter ludwigii, Klebsiella pneumoniae, Klebsiella oxytoa,
Burkholderia cepacia, Serratia marcescens, Pantoea agglomerans,
Lactococcus lactis, and Rahnella spp. However, the incidence of bacterial
center rot caused by Pantoea agglomerans was not significantly affected
by any treatment in 2015 or 2016 (P> 0.05) (data not shown).

In 2015 and 2016, total incidence of bacterial bulb rots was sig-
nificantly affected by the interaction of nitrogen rate and insecticide
treatment in all cultivars (2015: Avalon: P = 0.0003, F4,32 = 7.1,
Delgado: P < 0.0001, F4,28 = 13.8 and Bradley P = 0.0056,
F4,32 = 4.5; 2016: Avalon: P = 0.021, F4,32 = 3.3, Delgado:
P = 0.0187, F4,32 = 3.5 and Bradley P = 0.0324, F4,32 = 3) (Table 3).
Incidences of bacterial rot at harvest and three months after harvest
varied between treatments; however, no consistent trends were ob-
served (Supplemental Tables 1 and 2). In ‘Avalon’ in 2015, standard
insecticide programs paired with 140 kg N ha−1 had significantly
higher amounts of total bacterial rot compared with all other treat-
ments. However, in ‘Avalon’ in 2016, untreated controls and action
threshold treatments had the highest incidences of rot. In ‘Delgado’ in
2015, the highest levels of bacterial rot were recorded in the untreated
control that received 140 kg N ha−1. In ‘Delgado’ in 2016, the highest

levels of rot occurred in untreated controls supplemented with either 67
or 101 kg N ha−1 and in standard insecticide programs paired with
101 kg N ha−1. Bacterial rot levels in ‘Bradley’ in 2015 and 2016
ranged from 0.6-6.7% across all treatments.

In all cultivars in both years, bacterial bulb rot incidence increased
greatly three months after harvest (Fig. 6). In 2015, averaging across all
treatments, there was a 45, 1861, and 417% increase in bacterial bulb
rot three months after harvest in ‘Avalon’, ‘Delgado’, and ‘Bradley’,
respectively. In 2016, there was a 1203% increase in bacterial bulb rot
three months after harvest in ‘Avalon’. In both years, ‘Avalon’ had the
highest amount of bacterial bulb rot both at harvest and three months
later, with 22% and 10% of total bulbs rotten in 2015 and 2016, re-
spectively. ‘Delgado’ and ‘Bradley’ had lower levels of bacterial rot,
with 7% and 4% of total bulbs rotten, respectively. The same trend
persisted in 2016, with 2% of bulbs rotten in ‘Delgado’ and 1% rotten in
‘Bradley’.

3.5. Onion yield

Marketable bulb yields in all three cultivars were impacted by in-
secticide program treatments in 2015 and 2016, but not by nitrogen
rate or an interaction between the two (Fig. 7). In 2015, marketable
yields in ‘Delgado’ and ‘Bradley’ that received insecticide treatments
were significantly higher than those in the untreated control, averaging
12.7 tons/ha more than the control (Delgado: P = 0.0107, F2,29 = 5.4
and Bradley: P = 0.0002, F2,32 = 11.3). Yields in ‘Avalon’ followed the
same trend, but differences were not significant (P > 0.05). In 2016,
marketable yields in all three cultivars that received insecticide treat-
ments were significantly greater than those in the untreated controls

Fig. 4. Mean (± SE) severity of IYS symptoms (1–4 scale) for onion cultivars that vary in
susceptibility to onion thrips and that were either not treated with insecticides (Ctrl.) or
treated with a threshold-based insecticide program (Thresh.) or a standard (Stand.) in-
secticide program. Studies were conducted in commercial fields near Elba, NY. Insecticide
applications were made weekly in the standard program and only when thrips densities
≥1 larva/leaf in the action threshold-based program.

Fig. 5. Mean (± SE) severity of IYS symptoms (1–4 scale) per plot for ‘Bradley’ in 2016
under various combinations of nitrogen fertilizer at planting and insecticide programs for
managing onion thrips. Studies were conducted in commercial fields near Elba, NY.
Insecticide applications were made weekly in the standard program and only when thrips
densities ≥1 larva/leaf in the threshold-based program.

Table 3
Mean percent of bulbs with bacterial rot for onion cultivars varying in susceptibility to
onion thrips that received various combinations of nitrogen fertilizer at planting and
insecticide treatments for managing onion thrips. Studies were conducted near Elba, NY
in 2015 and 2016. Insecticide applications were made weekly in the standard program
and only when thrips densities ≥1 larva/leaf in the action threshold-based program.
Means within the same cultivar and year that share the same letter are not significantly
different (P > 0.05; LSmeans).

Cultivar Treatment Mean% (± SE) bacterial incidence

Insecticide
program

Nitrogen rate
(kg ha−1)

2015 2016

Avalon Untreated
control

67 kg 18.5 ± 5.6 d 9.0 ± 3.8 abc
101 kg 25.6 ± 4.8 bc 12.9 ± 3.7 a
140 kg 17.7 ± 1.8 d 7.7 ± 1.5 bc

Action
threshold

67 kg 16.7 ± 2.9 d 12.6 ± 3.3 a
101 kg 20.4 ± 3.9 ab 10.5 ± 2.5 ab
140 kg 27.3 ± 5.9 cd 12.6 ± 3.8 a

Standard 67 kg 21.4 ± 2.6 d 7.4 ± 1.5 bcd
101 kg 21.6 ± 3.6 cd 4.5 ± 2.1 d
140 kg 31.6 ± 8.8 a 6.8 ± 1.7 cd

Delgado Untreated
control

67 kg 4.9 ± 2.1 cd 4.5 ± 2.5 a
101 kg 3.9 ± 2.9 d 3.4 ± 0.7 a
140 kg 17.9 ± 9.6 a 2.2 ± 1.0 ab

Action
threshold

67 kg 8.5 ± 2.2 b 2.4 ± 1.1 ab
101 kg 9.4 ± 3.0 b 0.8 ± 0.5 b
140 kg 4.8 ± 1.6 cd 2.3 ± 1.1 ab

Standard 67 kg 4.4 ± 1.3 cd 0.8 ± 0.8 b
101 kg 7.2 ± 1.1 bc 3.1 ± 0.9 a
140 kg 5.1 ± 3.9 cd 1.2 ± 0.5 b

Bradley Untreated
control

67 kg 6.7 ± 3.8 a 1.5 ± 0.9 b
101 kg 2.3 ± 1.2 de 2.1 ± 1.1 ab
140 kg 5.9 ± 2.9 ab 1.1 ± 0.5 b

Action
threshold

67 kg 3.1 ± 2.4 cd 0.7 ± 0.3 b
101 kg 1.6 ± 1.0 de 1.7 ± 1.1 b
140 kg 1.4 ± 0.7 de 1.8 ± 0.8 b

Standard 67 kg 1.2 ± 0.8 e 1.5 ± 0.5 b
101 kg 3.4 ± 1.5 bcd 0.6 ± 0.3 b
140 kg 4.9 ± 0.8 abc 4.0 ± 3.1 a
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(Avalon: P = 0.0089, F2,32 = 5.5, Delgado: P = 0.0002, F2,32 = 11.7,
and Bradley P < 0.0001, F2,32 = 16.9). Yields were 7.9, 10.7, and 12.1
tons/ha greater in insecticide treated plots of ‘Avalon’, ‘Delgado’ and
‘Bradley’, respectively, compared with yields in the untreated controls.
Moreover, for each cultivar, yields were similar between insecticide
programs.

4. Discussion

Insecticide use had the greatest impact on reducing larval onion
thrips densities, IYS severity and incidence, and increasing bulb yields,
while nitrogen rate did not have a substantial impact on any of the
variables examined. Standard and action threshold-based insecticide
programs were equivalent in reducing larval thrips densities and IYS
disease suppression, and produced similar bulb yields. Yet, one-third to
one-half fewer insecticide applications were needed following the ac-
tion threshold-based program compared with the standard program,
indicating that growers can adopt action thresholds and increase
profits. Contrary to our expectation, a similar number of insecticide
applications was required in the moderate-thrips resistant ‘Avalon’ as
the thrips-susceptible ‘Bradley’.

4.1. Onion thrips densities

Larval onion thrips comprised the greatest proportion of the thrips
population, indicating that adults may contribute less to direct crop
damage and loss. Multiple studies have reported similar ratios of larvae
and adults as our study. Buckland et al. (2013) reported that adults
composed approximately 20% of the total thrips, while Hsu et al.
(2010) found that adults comprised less than 50% of the total thrips
population at any given time during the growing season. Similarly,
Coudriet et al. (1979) suggested that larvae may be the best predictors
of crop damage and loss, and thus should be preferentially sampled.
Our results continue to assert that larvae are the most damaging life
stage in onion fields, and consequently the most important to control.

In contrast with other studies, we did not see reductions in onion
thrips densities using lower rates of nitrogen at planting (Buckland
et al., 2013; Malik et al., 2009). We also did not observe an increased
amount of plant growth or leaf nitrogen in plots supplemented with
higher rates of nitrogen. Differences in application timing of nitrogen
and soil type in our study differed from those in previous studies and
may explain the discrepancy in results. Buckland et al. (2013) and
Malik et al. (2009) examined the effect of differing nitrogen rates ap-
plied at multiple times throughout the growing season on onion thrips
densities, whereas our study examined the effect of nitrogen rates only
applied at planting, which is the typical practice in New York. At-plant
or pre-plant rates of nitrogen are vulnerable to biological and physical
processes including leaching, run-off, and volatilization (Haynes,
2012). Therefore, nitrogen applied at planting may not be present later
in the season for onion plant uptake. Our study was conducted on
‘muck’ soil, which differs from the mineral soil types studied in
Buckland et al. (2013) and Malik et al. (2009). ‘Muck’ soil is char-
acteristically nutrient-rich and can consist of 20–80% organic matter
(NRCS, 2016; Wilson and Townsend, 1931). These high levels of or-
ganic matter can provide substantial amounts of nitrogen to supplement
plant growth throughout the growing season (Haynes, 2012). Further-
more, Gonzalez et al. (2016) found that onions grown in histosol soil
types can have differing responses to nitrogen amendments, with some
requiring very low amounts of nitrogen. Perhaps, the currently re-
commended nitrogen rates for onion production in muck soils are too
high. Thus, the rates evaluated in our study may still have been too high
to detect noticeable differences in plant growth, thus resulting in a lack
of significant differences in thrips densities.

Larval densities were significantly impacted by insecticide program.
The lowest larval densities were recorded in action threshold-based and
standard insecticide programs in all cultivars, and in most cases, the
insecticide programs preformed equivalently. Densities of larvae were
reduced by up to 83% in plots treated with insecticides compared with
untreated controls. These results are consistent with past and recent
reporting on action thresholds to manage onion thrips in onion
(Hoffmann et al., 1995; Nault and Huseth 2016). As predicted, fewer
insecticide applications were made in action threshold treatments.
Across all cultivars, frequency of insecticide applications was reduced
between 33 and 50%. The function of an action threshold is generally
not to provide better or even equivalent control as that provided by a
standard (or weekly) insecticide program, rather it is to maintain pest
densities below an economic injury level (Parrella and Lewis 1997;
Pedigo et al., 1986; Stern et al., 1959). Thus, the difference in in-
secticide application frequency between standard and action threshold
treatments can be considered excessive (and maybe even unnecessary)
as it does not provide substantially better control of onion thrips. Our
results continue to support that timing of insecticide applications based
on an action threshold can provide effective control of onion thrips.

The least amount of thrips damage was consistently observed in
standard insecticide programs in comparison with action threshold and
untreated control treatments, suggesting that weekly-applied in-
secticide applications reduced visual damage on onion plants. These
trends are consistent with previous records of visual feeding damage
(Nault and Shelton, 2010; Nault and Huseth, 2016). In one case in
‘Bradley’, we observed significantly higher levels of damage in plots
treated with insecticides following an action threshold and supple-
mented with higher rates of nitrogen. This result was not consistent
between cultivars.

Although, statistical comparisons were not made among data sets
for different cultivars, low numbers of onion thrips were observed in
‘Avalon’, the moderately thrips-resistant cultivar, while high numbers
of larval thrips were recorded in ‘Bradley’, the most thrips-susceptible
cultivar. Our results corroborated those in previous studies that showed
reduced onion thrips densities on yellow-green onion cultivars that had
low levels of cuticular wax as is characteristic of ‘Avalon’ (Boateng
et al., 2014; Damon et al., 2014; Diaz-Montano et al., 2012a). In 2016,

Fig. 6. Mean total percentage of bulbs with bacterial rot for three onion cultivars that
vary in susceptibility to onion thrips in field trials near Elba, NY in 2015 (A) and 2016 (B).
Subsamples of bulbs were assessed for rot at harvest and again three months after harvest;
these results show the combination of both assessments.
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larval densities in action threshold treatments in ‘Bradley’ were sig-
nificantly higher than in standard insecticide treatments. These results
may suggest that thrips-susceptible cultivars like ‘Bradley’ will foster
onion thrips densities that build more rapidly and reach higher levels
(even within the span of a week) compared with those like ‘Avalon’.

4.2. IYSV severity and incidence

IYS differed between 2015 and 2016, as earlier symptom incidence
and greater severity was recorded in 2016. Variability in symptom
expression and incidence of IYS among years is common (Diaz-Montano
et al., 2012b; Muñoz et al., 2014). While specific IYSV isolates can
impact symptom expression (Bag et al., 2012; Bulajić et al., 2009), we
believe that the variable incidence was attributed to the hot, dry
weather in 2016 (Table 1). Additional stress to the plants, especially
limited soil moisture, may increase the presence of virus symptoms
(Gent et al., 2006). Therefore, to reduce IYS symptom incidence and
severity, thrips management will be more important when environ-
mental conditions are unfavorable for onion growth.

Insecticide program generally had the largest impact on IYS severity
and incidence, indicating that either program (action threshold or
standard) will delay IYS incidence and reduce severity of IYS.

Conversely, onions that do not receive protection are likely to develop
IYS sooner and with greater severity by the end of the season.
Management of IYSV is currently lacking control strategies (Gent et al.,
2006), and as a result many growers have adopted more conservative
insecticide programs. However, our results indicate that growers can
continue to use action thresholds and not experience greater levels of
IYS compared with more insecticide-intensive strategies.

In ‘Bradley’, nitrogen rate significantly impacted IYS severity in the
action threshold treatment supplemented with 140 kg N ha−1. We
suspect that this increase in severity was associated with more onion
thrips larvae in the same treatment (Fig. 2C).

4.3. Bacterial rot

The incidence of bacterial rot was not consistently impacted by le-
vels of nitrogen applied at planting nor the type of insecticide program
followed. While high rates of nitrogen can predispose onions to bac-
terial rot (Pfeufer et al., 2015; Wright 1993), we did not consistently
observe this trend in our study. Additionally, leaf nitrogen levels were
nearly identical among nitrogen treatments at several phenological
stages, indicating that nitrogen rate at planting did not play a sig-
nificant role in bacterial rot development. Initially, we hypothesized

Fig. 7. Mean marketable bulb yield (± SE) for onion
cultivars that vary in susceptibility to onion thrips
and that were either not treated with insecticides
(Ctrl.) or treated with a threshold-based insecticide
program (Thresh.) or a standard insecticide program
(Stand.). Studies were conducted near Elba, NY in
2015 (A) and 2016 (B). Insecticide applications were
made weekly in the standard program and only when
thrips densities ≥1 larva/leaf in the threshold-based
program. Means within the same cultivar that share
the same letter are not significantly different
(P > 0.05; LSmeans).
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that onions that did not receive insecticide application may have a
higher risk of developing bacterial rot because thrips would either di-
rectly transmit the bacteria or create entry wounds for the bacteria
(Dutta et al., 2014). However, this relationship was not observed, as
insecticide program did not have a consistent effect on bacterial rot
incidence in any cultivar in both years. Additionally, the causal or-
ganisms of bacterial center rot, P. agglomerans or P. ananatis, were un-
common and not detected at greater levels in untreated plots than
treated ones. Rather, multiple other bacterial species were isolated from
rotten bulbs in our study and there was no trend for a particular species
to be associated with a particular treatment. As many others have
suggested, bacterial rot and blights are caused by a complex array of
many variables including climatic conditions, irrigation, mulches, fer-
tilizer rate and type, storage time and temperature, and curing time
(Batal et al., 1994; Gitaitis et al., 2004; Schroeder et al., 2012;
Schroeder and du Toit 2010; Schwartz et al., 2003; Teviotdale et al.,
1989; Vahling-Armstrong et al., 2016). Our results indicated that onion
thrips management is unlikely to impact the incidence of bacterial bulb
rot in New York.

Bacterial bulb rot levels increased three months after harvest,
especially in ‘Avalon’. Similar to other reports, we observed a consistent
positive relationship between bacterial rot incidence and time in sto-
rage, with almost 18 times more rotten bulbs when compared with
levels at harvest in some cases (Gitaitis et al., 2004; Schroeder and du
Toit 2010; Schroeder et al., 2012). High levels of rot were recorded in
‘Avalon’, with some treatments reaching as high as 30%. The tolerance
for bacterial rot in commercial onion production is very low; levels
greater than 5% are unacceptable. Multiple cultivar trials have de-
termined that ‘Avalon’ has a greater predisposition to bulb rot when
compared with other cultivars (McDonald et al., 2013; Shock et al.,
2015). While no studies have indicated a reason for this predisposition,
we suggest that the difference may be due to a low level of cuticular
wax on ‘Avalon’. Increased disease susceptibility has been reported in
onion cultivars with lower levels of wax. Mohan and Molenaar (2005)
found higher levels of powdery mildew (Leveillula taurica) infection on
onion cultivars with lower amounts of epicuticular wax. Additionally,
we observed that Avalon had high levels of leaf dieback near harvest,
with 90% and 39% of leaves dead in 2015 and 2016, respectively (data
not shown). Thus, premature plant mortality due to leaf dieback may
make plants more vulnerable to pathogenic bacteria. This finding un-
derpins the importance of holistically evaluating an integrated pest
management program for insects and diseases before commercial im-
plementation, as certain components may improve pest or disease
control, but may negatively impact other pests or pathogens in a pro-
duction system.

4.4. Onion bulb yield

Yields were similar between years, even with drought conditions in
2016. Consistently, yield was only significantly impacted by insecticide
program. Greatest yields were recorded in action threshold and stan-
dard insecticide programs. Similar to those results reported by
Hoffmann et al. (1995) and Nault and Huseth (2016), bulb yield
weights were statistically similar when following action threshold and
standard insecticide programs. Of particular note was the lack of yield
differences in the two insecticide programs in ‘Bradley’ in 2016. Action
threshold treatments had statistically higher densities of larvae, ap-
proximately 2.5 times more thrips per leaf, compared with the standard
insecticide program, but did not experience a yield reduction. Thus,
onion thrips densities and damage can be successfully maintained
below economic thresholds (i.e., 2.2 thrips larvae per leaf (Fournier
et al., 1995)) using action thresholds to determine if and when an in-
secticide application is necessary.

In 2015, yields in ‘Avalon’ were not significantly affected by any
treatment. The lack of significant differences between treatments is
likely due to a late-season outbreak of Stemphylium leaf blight (caused

by Stemphylium versicarium), a serious, emerging disease of onion in
New York. The disease has been reported to cause losses in onion be-
tween 80 and 85% (Tomaz and Lima, 1986). In 2015, we recorded high
levels of Stemphylium leaf blight lesions and leaf dieback late in the
season in ‘Avalon’ (data not shown), compared with the other cultivars.
Therefore, we believe the disease confounded our ability to see sig-
nificant differences in marketable yield in ‘Avalon’ in 2015.

Because onion thrips feeding and IYSV infection occur simulta-
neously, we were unable to distinguish the impact of each on yield loss.
Yield reductions were likely caused by a combination of IYSV and thrips
feeding. We did observe a negative association between IYS severity
and bulb yield. Specifically, we observed reduced yields in those onions
that displayed higher severity ratings (data not shown). Lowest yields
were recorded in untreated controls where thrips surpassed a seasonal
mean of 2.2 thrips larvae per leaf. This is consistent with economic
threshold levels reported from trials conducted with onions grown on
‘muck’ soil types in the Great Lakes region, which suggests thrips
densities per leaf greater than 2.2 would result in yield reductions
(Fournier et al., 1995). Yield reductions in untreated controls may not
only be caused by the amount of onion thrips feeding, but also when
feeding occurs during the development of the crop. Consistently, we
observed peaks in onion thrips larval densities mid to late in the
growing season when onions were actively bulbing (onions between 4
and 7 leaves), which has been reported to be a vulnerable time for
onion bulb development (Kendall and Capinera 1987; Waiganjo et al.,
2008).

Various at-plant rates of nitrogen did not have a significant impact
on either larval onion thrips densities or onion bulb yield. As indicated
above, the lack of positive yield responses to increased nitrogen rates is
likely due to fertilizer application timing and soil type. Typically,
commercial onion growers in New York apply 112 kg N ha−1 to
168 kg N ha−1 at planting. However, according to our results, at-plant
nitrogen rates should be reduced as increased rates of nitrogen did not
increase yield. Previous fertility studies have found that lower rates of
nitrogen fertilizer, 50 to 120 kg N ha−1, are needed on muck soil types
in comparison to mineral soil types (Harmer and Lucas, 1956).

5. Conclusions

This study provides evidence that onion thrips and certain asso-
ciated plant pathogens can be managed effectively in onion with re-
duced insecticide input. Consistently, we reported that an action
threshold-based insecticide program provided equivalent levels of
thrips control, IYS suppression, and marketable bulb yields as compared
to those following a standard (weekly) insecticide program. Yet,
33–50% fewer insecticide applications were made in the action
threshold-based program than the standard program. Additionally, ni-
trogen levels at planting can be reduced as there was no evidence that
marketable yields were improved using the current recommended rates.
Although benefits of reducing thrips damage with lower rates of ni-
trogen applied at planting were not observed in our study, growers can
benefit by using less nitrogen at planting without compromising yield,
which will decrease input costs. Most importantly, adoption of action
thresholds and reduced levels of nitrogen at planting could reduce
harmful non-target effects and slow the onset of insecticide resistance,
thus contributing to the long-term sustainability of onion production.

‘Avalon’, the moderately thrips-resistant cultivar, had low seasonal
mean densities of onion thrips larvae and severity and incidence of IYS.
However, the percentage reduction in insecticide applications following
the action threshold treatment relative to the standard insecticide
program was similar to those for the other cultivars, suggesting that
despite the moderate thrips resistance, insecticide application fre-
quency may not be reduced. ‘Avalon’ also had high rates of bacterial
rot. Future screening of cultivars for thrips and IYSV resistance should
consider additional plant pathogens to comprehensively assess its best
fit for commercial adoption.
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