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Abstract

Soybean aphid, Aphis glycines Matsumura, is one of the most important insect pests of soybean in the north

central United States. Management of A. glycines currently relies on applications of broad-spectrum insecti-

cides. However, broad-spectrum insecticides can negatively impact the natural enemies associated with aphids.

Selective insecticides, on the other hand, are promising control tactics for reducing the negative impact of in-

secticide applications. Here, we compared the effects of sulfoxaflor (a new selective insecticide) and broad-

spectrum insecticides on A. glycines and predators in a two-year field experiment. We sampled A. glycines and

aphid predator populations using visual whole-plant inspection. In addition, sweep-net sampling was

performed to monitor predator populations. To evaluate the toxicity of the insecticides on predator populations,

laboratory bioassays were performed on Hippodamia convergens Guérin-Méneville, Orius insidiosus (Say),

and Chrysoperla rufilabris (Burmeister). Field results showed that sulfoxaflor was as effective as the broad-

spectrum insecticide in suppressing soybean aphid populations and was less impactful on predator popula-

tions. The laboratory bioassays showed that sulfoxaflor was moderately harmful to O. insidiosus, harmless to

slightly harmful to H. convergens, and harmless to C. rufilabris. These studies suggest that sulfoxaflor holds

promise for improving integration of chemical and biological controls for A. glycines management.
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Soybean, Glycine max (L.) Merrill, is an important field crop in the

United States with �33,400,000 ha harvested in 2014 (NASS 2015).

Among the most important soybean pests in the north central

United States is the soybean aphid, Aphis glycines Matsumura

(Hemiptera: Aphididae) (Ragsdale et al. 2011). Aphis glycines

causes up to 40% yield loss (Ragsdale et al. 2007) and has increased

production costs by US$25–50 per ha since its invasion in 2000

(Hodgson et al. 2012). Current management practices for

A. glycines rely on scouting and threshold-based applications of

broad-spectrum insecticides, such as pyrethroids and organophos-

phates (Tilmon et al. 2011, Hodgson et al. 2012). However, broad-

spectrum insecticides can negatively impact natural enemies

(Studebaker and Kring 2003, Desneux et al. 2007, Roubos et al.

2014). Natural enemies are important for preventing and suppress-

ing outbreaks of A. glycines (Rutledge et al. 2004, Fox et al. 2005,

Costamagna et al. 2008). In North America, over 40 species of

predators and parasitoids that attack A. glycines have been identi-

fied (Ragsdale et al. 2011).

Removal of natural enemy populations can lead to resurgence or

replacement of pest populations (Hardin et al. 1995, Dutcher 2007,

Pedigo and Rice 2009). To reduce the likelihood of such adverse im-

pacts of insecticide use, selective insecticides are needed for

management of A. glycines. Selective insecticides are toxic to the tar-

geted pest, but relatively less toxic to natural enemies (Ripper et al.

1951, Weinzierl 2009). Use of selective insecticides is one method of

conservation biological control (Bartlett 1964, Pedigo and Rice

2009). Biological control and selective insecticides have been shown

to be compatible tactics in integrated pest management programs

(Giles and Obrycki 1997, Naranjo et al. 2002, Weinzierl 2009) and

can minimize the likelihood of pest resurgence (Johnson and

Tabashnik 1999), prevent pest replacement (Grafton-Cardwell et al.

2008), and possibly reduce the number of insecticide applications

(Naranjo 2001, Hutchison et al. 2004). In field studies, Ohnesorg

et al. (2009) and Varenhorst and O’Neal (2012) found that some se-

lective insecticides suppressed A. glycines populations, while having

intermediate effects on the natural enemy populations. Despite this

potential, selective insecticides have not been widely adopted for

A. glycines management.

Sulfoxaflor is a systemic insecticide within the sulfoxamine in-

secticide class (Babcock et al. 2010, Sparks et al. 2013) and is under

consideration as an alternative to broad-spectrum insecticides. The

mode of action of sulfoxaflor is similar to that of the neonicotinoid

insecticides; however, it is structurally different (Sparks et al. 2013),

has novel activity on the nicotinic acetylcholine receptor (Babcock
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et al. 2010, Watson et al. 2011, Zhu et al. 2010, Cutler et al. 2013)

and does not show cross resistance with neonicotinoid insecticides

(Babcock et al. 2010, Zhu et al. 2010, Longhurst et al. 2013,

Herron et al. 2014). Sulfoxaflor is effective against a broad range of

piercing–sucking insect pests such as whitefly, Bemisia tabaci

(Gennadius) and Trialeurodes vaporariorum (Westwood)

(Longhurst et al. 2013), tarnished plant bug, Lygus lineolaris

(Palisot de Beauvois) (Siebert et al. 2012), the San Jose scale,

Diaspidiotus perniciosus Comstock (Sazo et al. 2015), and brown

planthopper, Nilaparvata lugens (Stål) (Ghosh et al. 2013).

Sulfoxaflor can reduce A. glycines densities to levels similar

to those of broad-spectrum insecticides (e.g., chlorpyrifos and

k-cyhalothrin; Dana et al. 2012). However, Hodgson and

VanNostrand (2012) observed reduced effectiveness when lower

rates of sulfoxaflor were used against A. glycines. Further work is

needed to evaluate the effectiveness and utilization of sulfoxaflor for

A. glycines management. In addition, impacts of sulfoxaflor on nat-

ural enemies of A. glycines remain to be studied. Sulfoxaflor has

shown potential for conserving natural enemies in rice (Ghosh et al.

2013) and was found to be compatible with Chrysoperla carnea

(Stephens) larvae and adults, but toxic to Adalia bipunctata (L.) lar-

vae (Garz�on et al. 2015). Therefore, we evaluated the impact of sul-

foxaflor on A. glycines and key predators of this pest through field

experiments. In addition, as an initial step toward characterizing le-

thal effects of sulfoxaflor, laboratory bioassays were performed

with representative species of three common taxa of aphid predators

exposed to insecticide residues (e.g., US EPA 2016). Results from

this study will provide insight on the selectivity of sulfoxaflor and

could lead to improved conservation biological control for A.

glycines.

Materials and Methods

Field Experiment
Two field experiments were conducted at the University of

Minnesota Outreach, Research and Education (UMore) Park,

University of Minnesota, near Rosemount, MN, in 2013 and 2014.

On 31 May 2013, soybean seeds (variety: NK S19-A6) were sown

3.18 cm deep at a seeding rate of 369,029 seeds per ha. On 27 May

2014, soybean seeds (variety: S17-B3) were sown 3.81 cm deep at a

seeding rate of 409,390 seeds per ha. In both years, spacing between

rows was 76.2 cm. In 2013, plots were 6.09 m wide by 9.14 m long.

In 2014, plots were 3.05 m wide by 9.14 m long. Plots within repli-

cations were separated by 1.52 m of bare ground and replications

were separated by 3.05 m of bare ground. Plots were maintained

using standard production practices (Bennet et al. 1999), but with-

out insecticide input other than the treatments described below. In

both years, plots were arranged in a randomized complete block de-

sign with five treatments and four replications. In 2013, the five

treatments were: 1) sulfoxaflor at the low labeled rate (25.78 g

a.i./ha, Transform, Dow AgroSciences, LLC (Indianapolis, IN), 2)

sulfoxaflor at the high labeled rate (34.75 g a.i./ha), 3) k-cyhalothrin

at the low labeled rate (17.46 g a.i./ha, Warrior II, Syngenta Crop

Protection, Inc. (Basel, Switzerland), 4) k-cyhalothrin at the high

labeled rate (29.10 g a.i./ha), and 5) untreated check. In 2014, the

five treatments were: 1) sulfoxaflor at the high labeled rate (34.75 g

a.i./ha), 2) k-cyhalothrinþ sulfoxaflor at the low labeled rate

(22.95 g a.i./ha and 15.30 g a.i./ha, respectively, Seeker, Dow

AgroSciences, LLC (Indianapolis, IN), 3) k-cyhalothrinþ sulfoxaflor

at the high labeled rate (28.41 g a.i./ha and 18.94 g a.i./ha, respect-

ively), 4) k-cyhalothrin at the high labeled rate (29.10 g a.i./ha), and

5) untreated check. Insecticides were applied on 13 August 2013

and 12 August 2014 at R4 and R2 soybean growth stages, respect-

ively (Fehr and Cavines 1977). Insecticide applications were made

with a CO2-pressurized backpack sprayer using a 3.05-m boom

with eight nozzles (XR-Teejet 8002 flat fan, with no screen). The

sprayer was calibrated to deliver 187.04 liters/ha at 275.8 kPa.

Aphis glycines and aphid predators were sampled by nondestruc-

tive, visual whole-plant inspection of randomly selected plants.

Counts of A. glycines were recorded on five plants per plot on 12,

16, and 20 August 2013 and three plants per plot on 27 August and

3 September 2013. Counts of aphid predators were recorded on 10

plants per plot on 12, 16, 20, and 27 August and from eight plants

per plot on 3 September 2013. Counts of A. glycines were recorded

on five plants per plot on 8, 15, 18, and 26 August and 5 September

2014. Counts of aphid predators were recorded on 10 plants per

plot on 8, 15, 18, and 26 August and 5 September 2014. In addition

to visual whole-plant inspection, one set of 20 pendulum-style

sweeps with a 39-cm-diameter sweep net were taken from each plot

on 12, 16, and 21 August, and 3 September 2013 and 8, 15, 18, and

26 August and 5 September 2014. In 2013, sweeps samples were

taken from two interior rows not sampled for visual counts. In

2014, sweeps samples were taken from the same rows sampled for

visual counts, but were taken 3–4 h after visual counts. Contents of

the sweep nets were transferred in the field to plastic zipper-locking

bags, which were stored in the freezer for later identification in the

laboratory.

Whole-plant samples were averaged per plant for each plot on

each sample date. Insect abundance over time (i.e., cumulative

insect-days [CID]) was calculated per plot across sample dates

within each year for A. glycines (apteraeþ alates) and the three most

abundant taxa of aphid predators (Coccinellidae [larvae and adults

of all species], Orius spp. [nymphs and adults of all species], and

Chrysopidae [larvae and adults of all species]). CID was calculated

using the following equation adapted from Hanafi et al. (1989):

CID ¼
Xn

i¼1

xi þ xi�1

2

� �h i
� ti � ti�1ð Þ

where, n is the number of sample dates, xi is the mean number of in-

sects per plant on sample date i, xi�1 is the mean number of insects

per plant on the preceding sample date, and ti � ti�1 is the number

of days between two consecutive sample dates. For Coccinellidae,

Orius spp., and Chrysopidae collected via sweep net sampling, xi

and xi�1, was the total number of predators per 20 sweeps on sam-

ple date i and on the preceding sample date. Log(xþ1)-transformed

CID based on whole-plant counts or sweep-net sampling were ana-

lyzed using ANOVA on the last evaluation date (i.e., 13 Aug 2013

and 12 Aug 2014) and means were separated with Tukey’s HSD (R

Core Team 2015).

Laboratory Experiments
Bioassays were performed on adult Hippodamia convergens Guérin-

Méneville, adult Orius insidiosus (Say), and third-instar

Chrysoperla rufilabris (Burmeister) at the University of Minnesota,

Saint Paul, MN. Hippodamia convergens and C. rufilabris were pur-

chased through Arbico Organics (Oro Valley, AZ) and O. insidiosus

was purchased through Beneficial Insectary (Redding, CA). Insects

were shipped overnight and used within 6 h of arrival except for C.

rufilabris, which was allowed to develop from first instar to the

third instar under conditions described below. Predators were eval-

uated in separate randomized complete block design experiments.

All treatments described below were delivered using a motorized
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spray chamber with a XR-Teejet 8002 flat-fan nozzle calibrated to

deliver �233.85 liters/ha of each product and water on to the inter-

ior of the lids and bottoms of plastic petri dishes. The treatments

were allowed to dry for 1 h before transferring insects to the treated

petri dishes using a clean fine-tipped (size 0) paintbrush. Insects

were kept in the treated petri dishes for 24 h before being transferred

to untreated petri dishes. After transferred to untreated petri dishes,

insects were provisioned with Ephestia kuehniella (Zeller) eggs ad

libitum and water through moistened floral foam. Food and water

was replenished every 2 d. Insects were held in a growth chamber at

25 �C, 75% RH, and a photoperiod of 16:8 (L:D) h. Insects were

checked over time and during each observation insects were prodded

with a fine-tipped (size 0) paintbrush and rated as alive (i.e., ability

to walk), moribund (i.e., movement, but uncoordinated), or dead

(i.e., no movement). Dead insects were removed from the petri

dishes.

Two experiments were performed to evaluate insecticide residual

toxicity to H. convergens adults. For these two experiments, treat-

ments were applied to 100- by 15-mm plastic petri dishes and each

petri dish contained five individuals. The first experiment with

H. convergens consisted of five treatments and three replications

with 20 individuals per replication (i.e., 60 individuals total per

treatment). Treatments were: 1) sulfoxaflor at the low labeled rate

(25.78 g a.i./ha, Transform, Dow AgroSciences, LLC (Indianapolis,

IN), 2) sulfoxaflor at the high labeled rate (34.75 g a.i./ha), 3) k-

cyhalothrin at the low labeled rate (17.46 g a.i./ha, Warrior II,

Syngenta Crop Protection, Inc. (Basel, Switzerland), 4) k-cyhalothrin

at the high labeled rate (29.10 g a.i./ha), and 5) untreated check. The

second experiment with H. convergens consisted of four treatments

and four replications with 10 individuals per replication (i.e., 40 in-

dividuals total per treatment). The treatments were 1) sulfoxaflor at

the high labeled rate (34.75 g a.i./ha), 2) k-cyhalothrinþ sulfoxaflor

at the high labeled rate (28.41 g a.i./ha and 18.94 g a.i./ha, respect-

ively, Seeker, Dow AgroSciences, LLC (Indianapolis, IN), 3) k-cyha-

lothrin at the high labeled rate (29.10 g a.i./ha), and 4) untreated

check. For the two experiments, insects were checked 1 h post ex-

posure to treatments and every 24 h for 7 d.

To evaluate insecticide residual toxicity to O. insidiosus adults,

four treatments and three replications were used. Treatments were

applied to 100- by 15-mm petri dishes with �45 small plastic beads

(Bead Landing Crafting Beads, Irving, TX). The beads were treated

in a similar matter and were added to the petri dish to increase sur-

face area to reduce cannibalism. Each petri dish contained eight in-

dividuals with 32 individuals per replication (i.e., 96 individuals

total per treatment). The four treatments were: 1) sulfoxaflor at the

high labeled rate (34.75 g a.i./ha), 2) k-cyhalothrinþ sulfoxaflor at

the high labeled rate (28.41 g a.i./ha and 18.94 g a.i./ha, respect-

ively), 3) k-cyhalothrin at the high labeled rate (29.10 g a.i./ha), and

4) untreated check. Insects were checked at 1, 15, and 24 h post ex-

posure to treatments.

To evaluate insecticide residual toxicity on C. rufilabris, four

treatments and three replications were used. Treatments were

applied to 60- by 15-mm petri dishes and each petri dish contained

one individual with 10 individuals per replication (i.e., 30 individ-

uals total per treatment). The treatments were: 1) sulfoxaflor at the

high labeled rate (34.75 g a.i./ha), 2) k-cyhalothrinþ sulfoxaflor at

the high labeled rate (28.41 g a.i./ha and 18.94 g a.i./ha, respect-

ively), 3) k-cyhalothrin at the high labeled rate (29.10 g a.i./ha), and

4) untreated check. Insects were checked at 1 h post exposure to

treatments and every 24 h for 7 d.

The proportion of H. convergens and C. rufilabris surviving (i.e.,

those rated as alive) at 168 h (7 d) post exposure to treatments and

the proportion of O. insidiosus surviving at 24 h post exposure to

treatments were arcsine square-root transformed prior to analysis.

The response variables were analyzed using ANOVA and means

were separated with Tukey’s HSD (R Core Team 2015).

Results

Field Experiment
In 2013, the mean CID of A. glycines in the untreated check from

whole-plant sampling was about six times greater than that of the

insecticide treatments, but not different among insecticide treat-

ments (F¼70.35; df¼4, 12; P<0.0001; Fig. 1A). Across sampling

methods (i.e., whole-plant sampling and sweep-net sampling), sam-

ple dates, and treatments, Coccinellidae (larvaeþ adults), Orius spp.

(nymphsþ adults), and Chrysopidae (larvaeþ adults) comprised

56.8, 18.2, and 3.2%, respectively, of the total generalist aphid

predators (Table 1). For whole-plant sampling, mean CID of

Coccinellidae were significantly reduced in the insecticide treatments

compared to the untreated check; however, mean CID for both

labeled rates of sulfoxaflor were significantly higher than both

labeled rate of k-cyhalothrin (F¼37.84; df¼4, 12; P<0.0001;

Fig. 2A). For whole-plant sampling, the high labeled rate of

k-cyhalothrin was the only treatment that significantly reduced

mean CID of Orius spp. compared to the untreated check (F¼3.68;

Fig. 1. Cumulative insect days (CID) of A. glycines under field conditions in

Rosemount, MN, in 2013 (A) and 2014 (B). Low and high labeled rates of treat-

ments are represented by L and H, respectively. Insecticides were applied on

13 August 2013 and 12 August 2014. Treatment means with the same letter

are not significantly different (Tukey HSD, P> 0.05). A bracket represents

more than one treatment mean associated with the letter.
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df¼4, 12; P¼0.0353; Fig. 2C). Mean CID of Chrysopidae based

on whole-plant sampling did not differ among treatments (F¼0.76;

df¼4, 12; P¼0.5693; Fig. 2E). For sweep-net sampling, the high

labeled rate of k-cyhalothrin was the only treatment that signifi-

cantly reduced mean CID of Coccinellidae (F¼5.42; df¼4, 12;

P¼0.0098; Fig. 2B) and Orius spp. (F¼3.94; df¼4, 12;

P¼0.0287; Fig. 2D). Mean CID of Chrysopidae based on sweep-net

sampling did not differ significantly among treatments (F¼1.64;

df¼4, 12; P¼0.2274; Fig. 2F).

In 2014, mean CID of A. glycines in the untreated check from

whole-plant sampling was about seven times greater than that of

the insecticide treatments, but mean CID was not different among

insecticide treatments (F¼15.14; df¼4, 12; P¼0.0001; Fig. 1B).

Across sampling methods (i.e., whole-plant sampling and sweep-

net sampling), sample dates, and treatments, Coccinellidae

(larvaeþ adults), Orius spp. (nymphsþ adults), and Chrysopidae

(larvaeþ adults) comprised 51.1, 26.3, and 9.5%, respectively, of

generalist aphid predators (Table 1). For whole-plant sampling,

both labeled rates of the mixture k-cyhalothrinþ sulfoxaflor and

the high labeled rate of k-cyhalothrin significantly reduced mean

CID of Coccinellidae compared to the untreated check (F¼9.39;

df¼4, 12; P¼0.0011; Fig. 3A). For whole-plant sampling,

sulfoxaflor treatment did not reduce mean CID of Coccinellidae

compared to the untreated check (Fig. 3A). For whole-plant sam-

pling, insecticide treatments did not reduce mean CID of Orius

spp. (F¼0.97; df¼4, 12; P¼0.4591; Fig. 3C) and Chrysopidae

(F¼1.36; df¼4, 12; P¼0.3040) compared to the untreated check

(Fig. 3E). For sweep-net sampling, both labeled rates of the mix-

ture of k-cyhalothrinþ sulfoxaflor and the high labeled rate of

k-cyhalothrin significantly reduced mean CID of Coccinellidae

compared to the untreated check (F¼7.86; df¼4, 12; P¼0.0024;

Fig. 3B). For sweep-net sampling, all insecticide treatments

reduced mean CID of Orius spp. compared to the untreated check

(F¼13.47; df¼4, 12; P¼0.0002; Fig. 3D). Among the insecticide

treatments, sulfoxaflor was the only treatment with mean CID of

Orius spp. significantly greater than k-cyhalothrin (Fig. 3D). Mean

CID of Chrysopidae based on sweep-net sampling did not differ

significantly among treatments (F¼2.25; df¼4, 12; P¼0.1237;

Fig. 3F).

Laboratory Experiments
In the first experiment with H. convergens adults, survivorship

was significantly reduced 168 h after exposure to both rates of

Table 1. Experiment-wide totals of mobile stages of aphid predators collected using visual whole-plant and sweep-net sampling in

Rosemount, MN, in 2013 and 2014

Order/Family Species 2013 2014

Whole-planta Sweep-netb Whole-planta Sweep-netb

Araneae Unidentifiedc 0.1 0.0 0.3 2.0

Opiliones Unidentifiedc 0.0 0.8 1.7 1.3

Coleoptera

Coccinellidae Coccinella septempunctatac 0.0 0.0 1.4 2.1

Cycloneda mundac 0.0 0.1 0.1 0.1

Harmonia axyridisc 5.4 9.5 5.0 8.9

Hippodamia convergensc 0.9 3.0 0.1 0.1

Hippodamia parenthesisc 0.1 0.0 0.1 0.1

Hippodamia tredecimpunctatac 0.0 0.1 0.0 0.0

Hippodamia variegatac 0.4 1.3 1.6 6.2

Larvae 24.9 19.5 15.4 24.8

Diptera

Cecidomyiidae Aphidoletes aphidimyza larvae 8.8 0.0 3.1 0.1

Syrphidae Allograpta obliquac * * * 0.1

Eupeodes americanusc * * * 0.1

Sphaerophoria sp.c * * * 0.1

Toxomerus marginatusc * * * 0.2

Unidentifiedd 13.1 0.9 1.7 0.2

Hemiptera

Anthocoridae Orius spp.e 10.1 10.8 7.8 26.2

Berytidae Unidentifiede 0.0 0.0 0.0 0.3

Nabidae Nabis spp.e 0.3 1.2 0.3 1.7

Neuroptera

Chrysopidae Chrysopa spp.c * * * 1.2

Chrysoperla plorabundac * * * 4.6

Unidentifiedd 1.9 1.8 2.5 4.0

Hemerobiidae Hemerobius stigmac * * * 0.2

Micromus spp.c * * * 1.2

Unidentifiedd 0.0 0.0 0.9 1.9

Total 66.0 49.0 42.0 87.0

aTotal number of individuals adjusted to counts per 100 plants.
bTotal number of individuals adjusted to counts per 100 sweeps.
cSpecies total include only adults.
dSpecies total includes larvae and adults.
eSpecies total includes nymphs and adults.

*The species was not recorded.
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k-cyhalothrin compared to the untreated check and both rates of

sulfoxaflor (F¼14.13; df¼4, 10; P¼0.0004; Fig. 4A). In the se-

cond experiment, survivorship of H. convergens was signifi-

cantly reduced 168 h after exposure to the high labeled rate of

k-cyhalothrin and the high labeled rate of the mixture of

k-cyhalothrinþ sulfoxaflor (F¼206.16; df¼3, 12; P<0.0001;

Fig. 4B). In the bioassay with O. insidiosus adults, survivorship was

significantly reduced 24 h after exposure to all insecticide treatments

compared to the untreated check (F¼125.04; df¼3, 8; P<0.0001;

Fig. 4C). In the bioassay with C. ruflabris larvae, survivorship was

significantly reduced 168 h after exposure to the high labeled rate

of k-cyhalothrin and the high labeled rate of the mixture of

k-cyhalothrinþ sulfoxaflor (F¼20.04; df¼3, 8; P¼0.0004;

Fig. 4D).

Discussion

There is a paucity of literature on the impact of sulfoxaflor on nat-

ural enemies. This study provides the first evaluation of the compati-

bility of this novel selective insecticide with natural enemies for

management of A. glycines in soybean production. Sulfoxaflor

received registration in the United States for use in soybean in 2013.

However, registration was canceled in 2015 (Lewis 2015). As sul-

foxaflor is being evaluated for use on soybean, further data on the

effects of sulfoxaflor on soybean insect pests and their associated

natural enemies may be necessary. Under field conditions, sulfoxa-

flor provided levels of A. glycines suppression equivalent to those of

a standard broad-spectrum insecticide (i.e., k-cyhalothrin) in 2013

and 2014 (Fig. 1). The effectiveness of sulfoxaflor on A. glycines

Fig. 2. Cumulative insect days (CID) from visual whole-plant samples (A, C, and E) and sweep-net samples (B, D, and F) for larvaeþadults of Coccinellidae (A and

B), nymphsþadults Orius spp. (C and D), and larvaeþ adults Chrysopidae (E and F) under field conditions in Rosemount, MN, in 2013. Low and high labeled rates

of treatments are represented by L and H, respectively. Insecticides were applied on 13 August. Treatment means with the same letter are not significantly differ-

ent (Tukey HSD, P>0.05). A bracket represents more than one of treatment mean associated with the letter.
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was also observed by Dana et al. (2012), but such efficacy was not

observed by Hodgson and VanNostrand (2012). The difference in

pest suppression exhibited by sulfoxaflor between these studies is

likely due to differences in sulfoxaflor rates. Dana et al. (2012) and

our study used a higher rate of sulfoxaflor compared to the rate used

by Hodgson and VanNostrand (2012). Sulfoxaflor effectiveness

against A. glycines was expected because sulfoxaflor has proven ef-

fective against populations of other aphid species, such as the cotton

aphid, Aphis gossypii Glover (Gore et al. 2013, Koo et al. 2014), the

green peach aphid, Myzus persicae (Sulzer) (Tang et al. 2015), and

the sugarcane aphid, Melanaphis sacchari (Zehntner) (Rodr�ıguez-

del-Bosque and Ter�an 2015). Additionally, neonicotinoid insecti-

cides, which have a similar mode of action as sulfoxaflor, are used

for management of A. glycines (Magalhaes et al. 2008, Qu et al.

2015) and other aphid pest species (Nauen and Elbert 2003, Elbert

et al. 2008, Joshi and Sharma 2009, Shi et al. 2011).

Other field studies found selective insecticides to have reduced

impacts on predator populations compared to broad-spectrum in-

secticides (Koss et al. 2005, Ohnesorg et al. 2009, Varenhorst and

O’Neal 2012). Our study showed that although mean CID for

predators were generally lower in the insecticide treatments com-

pared to the untreated check, sulfoxaflor was less impactful than k-

cyhalothrin on Coccinellidae and Orius spp. Counts of A. glycines

predators and numbers of predatory species observed varied be-

tween whole-plant and sweep-net sampling (Table 1). This variation

is likely due to differences between the sampling methods in

Fig. 3. Cumulative insect days (CID) from visual whole-plant samples (A, C, and E) and sweep-net samples (B, D, and F) for larvaeþadults Coccinellidae (A and

B), nymphsþadults Orius spp. (C and D), and larvaeþadults of Chrysopidae (E and F) under field conditions in Rosemount, MN, in 2014. Low and high labeled

rates of treatments are represented by L and H, respectively. Insecticides were applied on 12 August. Treatment means with the same letter are not significantly

different (Tukey HSD, P>0.05). A bracket represents more than one of treatment mean associated with the letter.
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effectiveness to capture the number and type (e.g., life stages, mobil-

ity of insects) of predators that are present in the field (Schmidt et al.

2008, Bannerman et al. 2015). Furthermore, differences in the num-

ber of predatory species recorded for each sampling method may

have been due to predators being more readily identified to the

genus or species levels in the laboratory (sweep-net samples) com-

pared to in the field (whole-plant samples).

Field studies, like those described above, may confound the dir-

ect toxic effects of the insecticides on the predators with indirect ef-

fects of the insecticides on prey abundance. Therefore,

complementary laboratory studies are required to understand the

direct toxicity of insecticides to natural enemies (Galvan et al.

2005). To classify the level of contact toxicity the insecticides had

on the insects we followed the International Organization for

Biological Control (IOBC) ratings for laboratory-based pesticides,

which are harmless (i.e.,<30% mortality), slightly harmful (i.e.,

30–79% mortality), moderately harmful (i.e., 80–99% mortality),

and harmful (i.e.,>99% mortality; Hassan et al. 1994). Based on

the IOBC rating scale, the contact toxicity of sulfoxaflor residuals

varied among O. insidiosus, H. convergens, and C. rufilabris

(Fig. 4).

Sulfoxaflor was moderately harmful to O. insidiosus, causing

96% mortality within 24 h (Fig. 4C). The greater toxicity of sulfoxa-

flor to O. insidiosus compared to the other predators could be due

to the closer phylogenetic relatedness of this predator to targeted

pest groups. For example, Wanumen et al. (2016) found that

sulfoxaflor was harmful to the predatory hemipteran, Nesidiocoris

tenuis (Reuter). Sulfoxaflor is ineffective against non-hemipteran in-

sects, such as the southern corn rootworm, Diabrotica undecim-

punctata Barber, fruit fly, Drosophila melanogaster Meigan, yellow

fever mosquito larvae, Aedes aegypti (L.), Colorado potato beetle,

Leptinotarsa decemlineata (Say) (Babcock et al. 2010) and grape

colaspis beetle, Colaspis brunnea (F.) (Alves et al. 2016). However,

as described above, sulfoxaflor is effective against Hemiptera, to

which O. insidiosus belongs. Although sulfoxaflor caused high mor-

tality on O. insidiosus, the rate at which the mortality occurred was

less compared to the insecticides that contained k-cyhalothrin.

Within 1 h of exposure, sulfoxaflor caused 25% mortality while in-

secticides with k-cyhalothrin caused 86–98% mortality. The greater

impact of sulfoxaflor on O. insidiosus in the laboratory compared

to the field may be due to the lack of pesticide-free refuges in the

petri-dish bioassays performed in the laboratory. In a comparison of

selective insecticides and broad-spectrum insecticides in petri-dish,

greenhouse and field experiments, Studebaker and Kring (2003) pro-

posed that the field and greenhouse bioassays provided areas to

avoid the insecticides, whereas there was constant exposure to the

insecticides in the petri dishes.

In the two laboratory bioassays performed on H. convergens

adults, sulfoxaflor was in the harmless to slightly harmful range

causing <35% mortality (Fig. 4A and B). Similarly, Garz�on et. al.

(2015) found that sulfoxaflor was harmless to adults of a different

species of Coccinellidae, A. bipunctata, where there was 23%

Fig. 4. Survival of H. convergens adults (A and B), O. insidiosus adults (C), and C. rufilabris larvae (D) under laboratory conditions. Low and high labeled rates of

treatments are represented by L and H, respectively. Treatments with the same letter are not significantly different (Tukey HSD, P>0.05). A bracket represents

more than one of treatment mean associated with the letter.
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mortality 3 d after being exposed to the insecticide residuals

(Garz�on et al. 2015). In contrast to sulfoxaflor, the insecticide treat-

ments that contained k-cyhalothrin were moderately harmful to

harmful to H. convergens adults, causing 80–100% mortality (Fig.

4A and B). Likewise, k-cyhalothrin caused high mortality of H. con-

vergens adults in a laboratory assay performed by Pezzini and Koch

(2015) and in other Coccinellidae species (Galvan et al. 2005, Jalali

et al. 2009).

Sulfoxaflor was harmless to C. rufilabris third-instar larvae,

causing 7% mortality (Fig. 4D). Our results were comparable to the

experiment described by Garz�on et al. (2015) where sulfoxaflor was

harmless to the third-instar larvae of C. carnea. Insecticides contain-

ing k-cyhalothrin were slightly harmful to C. rufilabris larvae

(Fig. 4D). The higher mortality rates of C. rufilabris larvae treated

with k-cyhalothrin observed by Pezzini and Koch (2015) may have

been due to their use of first-instar larvae compared to third-instars

in the present study. The lower susceptibility of Chrysopidae larvae

to pyrethroid insecticides compared to other taxa of predators

observed here is consistent with other studies (Pree et al. 1989,

Medina et al. 2004, Pezzini and Koch 2015) and is due to

Chrysopidae having a natural tolerance to pyrethroids associated

with their high pyrethroid esterase(s) activity (Ishaayn and Casida

1981).

Natural enemies are important for preventing and suppressing

A. glycines outbreaks (Rutledge et al. 2004, Fox et al. 2005,

Costamagna et al. 2008, Ragsdale et al. 2011) and likely contribute

to prevention of pest resurgence and replacement (e.g., Dutcher

2007). However, complete reliance on natural enemies is not suffi-

cient to keep A. glycines below the economic injury level and appli-

cation of foliar insecticides may be required to protect soybean yield

(Hodgson et al. 2012). Sulfoxaflor was indeed effective against soy-

bean aphid and had less impact on some predators than a broad-

spectrum insecticide. However, when sulfoxaflor was combined

with k-cyhalothrin as a formulated mixture (i.e., Seeker) the selectiv-

ity was diminished and the impacts on predators were similar to

k-cyhalothrin.

Sulfoxaflor holds promise for better integration of chemical and

biological controls for pests like A. glycines. Though sulfoxaflor was

less impactful than broad-spectrum insecticides to predators of

A. glycines, further work is needed to examine toxicity via other

routes of exposure (e.g., oral exposure) and potential sublethal ef-

fects of this insecticide on predators. For example, Garz�on et al.

(2015) observed sublethal effects of sulfoxaflor on the ability of

A. bipunctata larvae to pupate and emerge into adults, and the fertil-

ity decreased in C. carnea. Further characterization of the selectivity

of sulfoxaflor will guide recommendations on how to better inte-

grate chemical and biological controls for more sustainable soybean

production. In addition, because management of A. glycines in the

north central United States currently relies primarily on foliar appli-

cations of only two modes of action (i.e., pyrethroid and organo-

phosphate insecticides; Hodgson et al. 2012), there is risk of

A. glycines developing insecticide resistance. The availability of an

additional effective insecticide of a different mode of action would

improve insecticide rotations for A. glycines management and help

postpone the development of insecticide resistance.
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