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Abstract

1. The invasive hemlock woolly adelgid (HWA), Adelges tsugae (Annand) (Hemiptera:

Adelgidae), has spread throughout most of the range of eastern hemlock, Tsuga canan-

densis (L.), and the entire range of Carolina hemlock, Tsuga caroliniana (Engelman), in the

United States.

2. Integrated pest management (IPM) of HWA combines chemical applications with the

release of biological control agents on untreated trees within the same stand. Laricobius

spp., Rosenhauer (Coleoptera: Derodontidae), have been used as biological control

agents of HWA since 2003 and have subterranean and arboreal life phases that are syn-

chronous with HWA's lifecycle. When utilizing IPM tactics, there is potential for Larico-

bius spp. to settle below an insecticide‐treated tree for its subterranean phase.

3. Field investigations assessed the impact of historical (five years post treatment in

2017) and recent imidacloprid soil treatments (via soil injection, soil drench, and tablet in

November 2020) on the subterranean survivorship of Laricobius spp. by quantifying con-

centrations of imidacloprid and its metabolites to determine its potential impact on per-

cent adult emergence from the soil.

4. We observed a significant treatment effect on mean soil concentration among applica-

tion methods at the recent treatment site, but not the historical treatment site. Addition-

ally, at the more recently treated site, significantly lower mean percent emergence was

observed from soil drench and tablet imidacloprid applications after one year (2021), but

by the following year (2022), that effect was no longer present.

5. This study supports recent recommendations to delay releases of Laricobius spp. for

one‐year post‐treatment with imidacloprid. Furthermore, these data suggest when

applying imidacloprid to a stand established with Laricobius spp., soil injection techniques

pose the least risk to their subterranean survivorship.
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INTRODUCTION

In eastern North America, the non-native hemlock woolly adelgid

(HWA), Adelges tsugae Annand, was initially found in Richmond, VA in

1951 (Gouger, 1971; McClure, 1987) and is now present in 22 states

of the eastern United States and two eastern Canadian provinces

(Foley IV et al., 2021; Kantola et al., 2019). In its native range of west-

ern North America, China, Taiwan, Nepal and Japan (Havill

et al., 2006), HWA coexists with Tsuga species without causing signifi-

cant damage to its hosts. However, in its introduced range, HWA

causes widespread mortality to eastern hemlock, Tsuga canandensis

(L.) Carrière (Orwig et al., 2002), and Carolina hemlock, T. caroliniana

Engelm. (Vose et al., 2013). HWA attaches itself to a host by inserting

its stylet bundle at the base of needles. Saliva from the stylet bundle

forms a salivary sheath, through which nutrients are obtained from

the xylem ray parenchyma cells (Young et al., 1995). Feeding by HWA

first induces premature needle drop and branch dieback, but as infes-

tations progress over several years, an inability to produce new

growth exacerbated by abiotic factors such as drought (Orwig

et al., 2002) can lead to widespread tree mortality (McClure, 1991).

Biological control

Laricobius nigrinus, Fender, and L. osakensis, Montgomery and Shiyake,

are two established introduced biological control agents of HWA in

eastern North America (Foley IV et al., 2021; Zilahi-Balogh, Salom, &

Kok, 2003). Laricobius spp. are well suited for predation of HWA,

occupying two life stages (arboreal and subterranean) synchronous

with the feeding and aestivation stages of the HWA sistens genera-

tion (Foley IV, McAvoy, Grubb, et al., 2022; Foley IV, McAvoy, Saint-

Amant, et al., 2022; Zilahi-Balogh, Salom, & Kok, 2003). In the fall and

winter, Laricobius spp. adults locate HWA-infested hemlocks, feed on

developing nymphs and eventually oviposit in HWA ovisacs (Zilahi-

Balogh, Salom, & Kok, 2003). In the spring, Laricobius spp. larvae feed

on HWA eggs through the fourth larval instar, after which they drop

below the tree’s canopy, settle into the soil within the dripline and

eclose to adulthood. Adults remain subterranean for a period of sum-

mer dormancy (aestivation) until seasonal cues induce emergence in

the fall (September/October) (Hillen et al., 2023; Lamb et al., 2007;

Zilahi-Balogh, Salom, & Kok, 2003).

Chemical control

Imidacloprid (IMI) is the most frequently used insecticide for the man-

agement of HWA (Coots et al., 2013; Crayton et al., 2020). A member

of the Insecticide Resistance Action Committee (IRAC) subgroup

4 (neonicotinoids) (Sparks et al., 2021), IMI is a systemic insecticide

that once ingested, and delivered to its target, functions as a competi-

tive modulator of the nicotinic acetylcholine receptors within the cen-

tral nervous system of insects (Fossen, 2006; Gervais et al., 2010).

Acetylcholine is the major excitatory neurotransmitter within the

central nervous system of insects (Grünewald & Siefert, 2019).

Irreversible binding of IMI leads to a range of symptoms including

overexcitement of the central nervous system, lethargy, paralysis and

death (Mullins, 1993; Nauen & Bretschneider, 2002). In forestry and

arboriculture, IMI is typically applied directly to trees via trunk injec-

tion and bark spray or to the soil through methods such as soil drench,

soil injection or slow-release tablet formulations (Coots et al., 2013;

Mayfield III et al., 2020; Steward et al., 1998).

Imidacloprid is relatively water soluble (octanol/water partition

coefficient, Kow = 0.57) (Gervais et al., 2010), and in treated hemlocks,

it is translocated by the xylem throughout the tree and consumed by

HWA via the xylem ray parenchyma cells, which they target for nutri-

ent consumption (Coots et al., 2013; Steward et al., 1998; Young

et al., 1995). Within hemlock trees, IMI first metabolizes into

5-hydroxy-imidacloprid (5H-IMI), followed by further metabolism

into imidacloprid-olefin (IMI-OLE) (Nauen et al., 1998; Sur &

Stork, 2003). However, soil composition (Cox et al., 1997), climatic

and seasonal variations, tree diameter at breast height (DBH), internal

water flow of treated trees (Ford et al., 2007), presence of surface

water and chemical formulation all contribute to the varying rate at

which IMI breaks down and which metabolites persist in the soil post-

application (Fossen, 2006; Gervais et al., 2010; Wamhoff &

Schneider, 1999).

Imidacloprid and its metabolites are known to persist in hemlock

foliage 4–7 years post-treatment (Benton et al., 2015), and IMI itself

has an approximate soil half-life of 62 days in the dark and <90 h

when exposed to light (Cox et al., 2004). This persistence of IMI, 5H-

IMI and IMI-OLE residues within hemlock tissue provides up to

5 years of protection against HWA after just one chemical treatment

(Benton et al., 2015); however, persistence within soil has the poten-

tial to negatively impact the establishment of biological control

agents. The metabolite IMI-OLE was found to be 16� more effective

at the suppression of A. gossypii, Glover, and Myzus persicae, Sulzer,

than its parent chemical, IMI (Nauen et al., 1998), and mortality of Lar-

icobius spp. has been observed when beetles feed on HWA settled on

foliage with IMI and IMI-OLE residues within the plant tissues

(Eisenback, 2008). To our knowledge, the effect of soil applied IMI

treatments on the subterranean survivorship of Laricobius spp. has not

been studied to date.

Management

Current management recommendations for HWA incorporate an inte-

grated pest management (IPM) approach that combines chemical

applications with releases of biological control agents on untreated

trees within the same hemlock stand (Mayfield III et al., 2020). Ideally,

once predator populations have established, chemical residues in and

around previously treated trees would persist at levels below which

would be harmful to predators that naturally disperse to these trees.

However, further dispersal of predators from release sites could inad-

vertently expose some individuals to chemical residues within hem-

lock tissues and soil at the base of treated trees (Eisenback
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et al., 2010; Mayfield III et al., 2020). These compounds have the

potential to negatively impact populations of soil microarthropods;

however, high variability in field settings which leads to inconsistent

movement and adsorption of IMI (Knoepp et al., 2012) require vari-

ability in site selection for studying this phenomenon.

In the study reported here, we quantified the IMI, 5H-IMI and

IMI-OLE chemical residues at three depths (0–1, 1–6, 6–11 cm) from

soil treated with three different IMI application techniques;

CoreTect™ tablets, soil drench and soil injection, to determine their

direct impact on the survival of adult Laricobius spp. during their sub-

terranean life phase. With the knowledge that Laricobius spp. burrow

approximately 1–3 cm deep (in soils compacted to 0.5 and

0.2 kg/cm2, respectively) (Hillen et al., 2023), the results from this

study can help inform HWA managers on how and when to best apply

IMI-based insecticides to soil where Laricobius spp. beetles are likely

to become present.

MATERIALS AND METHODS

Field sites, insecticide treatments and Laricobius
emergence traps

Two field sites in western Maryland (MD) and one in southwest Vir-

ginia (VA) were used for this study. Savage River State Forest (SRSF)

in Garrett County, MD, was selected for its well documented histori-

cal treatment of hemlocks using IMI soil injection in 2017. Twenty

trees were selected at SRSF—ten trees treated in 2017 with soil injec-

tion at one site (SRSF 2017) (39.651818, �79.098641) and ten

untreated control trees at the other (SRSF Control) (39.62034,

�79.144629). Because the 2017 soil injections were applied to all the

trees in a localized stand (SRSF 2017), it was necessary to select

the 10 control trees from a nearby, untreated stand (SRSF Control)

with similar forest stand characteristics. Soils at the SRSF soil injection

2017 site were generally Gilpin channery silty loams with 10%–20%

slopes, moderately eroded. Soils at the SRSF control site were gener-

ally Ungers, Calvin and Lehew channery loams, with 0%–10% slopes.

The trees selected from the SRSF 2017 site were treated in 2017

using Merit® 75 Water Soluble Packets (WSP) (Bayer CropScience,

Cary, NC, USA) suspended in Kioritz® (Kioritz Corporation, 7–2 Sue-

hirocho 1-Chome, Ohme, Tokyo 198, Japan) and E-Z-ject™ Soil Injec-

tor Lite (ArborSystems, 10,168 L Street, Omaha, NE, USA) soil

injectors. Imidacloprid application rates were based on the optimized

dosage recommendations calculated using each tree’s DBH (ranging

from 15.5 to 36.6 cm) and the number of fluid millilitres of active

ingredient applied to the soil in each injector pump (Benton

et al., 2016; Benton & Cowles, 2017).

Kentland Farm (KF) (37.207735, �80.589635) in Blacksburg, VA

is home to a 20-year-old eastern hemlock plantation and field insec-

tary on a 0.4 ha plot of previously used pastureland. This site was

selected for the study examining effects of recent IMI treatments.

This site has a history of fertilization, HWA infestation and biological

control releases, but no previous insecticide treatments (McAvoy

et al., 2017). Soils at KF were generally Guernsey silty loam with 2%–

7% slopes (Soil Survey Staff, 2023).

At KF, a completely randomized block design consisting of five

blocks, each with four treatments was installed using 20 eastern hem-

locks within the hemlock plantation. The KF site was first cleared of

extraneous understory debris and then treated with IMI on

17 November 2020, using label instructions and optimal IMI dose rec-

ommendations for HWA control on hemlock trees based on each

tree’s DBH (Benton & Cowles, 2017). Imidacloprid treatments

included (1) soil drench, (2) soil injection, (3) CoreTect™ tablets (Bayer

CropScience, Cary, NC, USA) and (4) untreated control. CoreTect tab-

lets were placed 5–12 cm below the soil surface, approximately

46 cm from the base and evenly spaced around the trunk. For the soil

injection and soil drench applications, two Merit® 75 WSP (Bayer

CropScience, Cary, NC, USA) were mixed into one container to a final

volume of 2.01 L. Half was measured into individual pre-calculated

volumes for the soil drench application which was applied to five trees

(one tree per block) using the method described by Benton and Cow-

les (2017). The other half was poured into a Kioritz® injector and used

to apply IMI to the soil at the base of five trees (one per block) at a

depth of up 7.6–20.0 cm (Steward et al., 1998). A total of 48 CoreTect

tablets and 1.4 L of WSP solution was used, resulting in 69.9 g of

active ingredient for the entire 0.4 ha plot (Bayer CropScience, Cary,

NC, USA) (Benton & Cowles, 2017).

Four PVC emergence traps internally lined with 7.6 cm yellow

sticky cards (Olson Products Inc., Medina, OH) (Foley IV, McAvoy,

Grubb, et al., 2022) were placed approximately 46 cm from the base

of every study tree (one in each cardinal direction) in February 2021.

In 2022, an additional fifth trap was added to each study tree (at one

randomly chosen intercardinal direction) to account for any naturally

occurring Laricobius spp. emergence not resulting from experimental

larval release. Laricobius spp. larvae used in this study were obtained

in April 2021 and 2022 by field-collection of foliage, previously

known to have established populations of Laricobius spp. in Blacks-

burg and Radford, VA (Foley IV et al., 2019; McAvoy et al., 2020).

Individual Laricobius spp. used in this study were not identified to spe-

cies; however, wild populations in the New River Valley, which

includes Blacksburg, VA have been documented to contain mostly

(up to 98%) L. nigrinus (Foley IV et al., 2019). To collect pre-pupal lar-

vae, HWA-infested foliage was clipped into 31 cm segments and

inserted into hydrated OASIS® blocks wrapped in Parafilm™ M

(Fisher Scientific, Hampton NH) to retain moisture. These foliage bou-

quets were held in 18.9-L buckets, stored outdoors and were checked

daily. Once matured to the fourth instar, larvae dropped from foliage

and were collected using a clean, moistened paintbrush and trans-

ferred to petri dishes containing moistened filter paper for field

transport.

Ten larvae were placed into each trap in 2021 (3 months post-

treatment) and in 2022 (15 months post-treatment), except for the

fifth trap (field control) in 2022, totalling 1600 larvae per year. At both

SRSF 2017 and SRSF Control, 10 pre-pupal larvae were placed into

each trap within 48 h of dropping from foliage during a 2-day period

from 21 to 22 April 2021 and 20 to 21 April 2022. At KF,

IMIDACLOPRID AND SUBTERRANEAN LARICOBIUS SPP. 3
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10 pre-pupal larvae were placed into each trap during a 4-day period

from 14 to 18 April 2021 and 13 to 17 April 2022 within 24 h of

dropping from foliage. Traps were monitored monthly at each field

site from April to December, where they were checked for distur-

bance and early emergence. In December, yellow sticky cards were

removed from each trap and then examined to record percent emer-

gence. Soil moisture readings in volumetric water content (VWC) were

collected monthly using a Hydrosense II Handheld Soil Moisture Sen-

sor (CS659 12-cm) (Campbell Scientific, Australia).

Soil insecticide residue analysis

To detect insecticide residue concentrations, soil samples were col-

lected at KF in November 2020 to establish a pre-treatment baseline,

and again at KF and SRSF in April 2021 and 2022 at the time of larval

placement. Pre-treatment soil samples were not possible at SRSF, due

to treatments taking place in 2017. Soil samples were collected using

a 91.4-cm One-Piece Soil Sampler (Global Gilson, Lewis Center, OH)

(22.9 � 1.9 cm diameter sample size). Soil samples were contained in

plastic bags and held on ice packs for transit until immediately frozen

at �20�C once returned from the field. Samples consisted of the

aggregate soil at each cardinal direction, 46 cm from the base of

the tree, at depths of 0–1, 1–6 and 6–11 cm.

Soil samples were held at �20�C before being freeze-dried and

stored at �20�C until analysed for IMI, 5H-IMI and IMI-OLE, using liq-

uid chromatography tandem mass spectrometry (LC/MS/MS). About

1 g of freeze-dried soil sample was weighed and exact weight was

recorded before being transferred into a 35 mL tube (DWK Life Sci-

ences, Rockwood, TN, P/N 05–558-12A). The sample was spiked with

20 μL mixture of IMI-d4 (Toronto Research Chemicals, Toronto, ON,

Canada, CAS# 1015855–75-0) IMI-OLE-d3 (Cambridge Isotope Labo-

ratories, Laboratories, Tewksbury, MA, CAS# 2483830–31-3) and

5H-IMI-d4 (Clearsynth Canada, Mississauga, ON, Canada, CAS#

380912–09-4), each at 500 ppb, as internal standards for the target

analytes to account for the loss of the target analytes during sample

extraction, cleanup and analysis. The sample was then mixed with

�0.5 g MgSO4 (Fisher Chemical, P/N MG65-500) and �0.5 g NaCl

(Thermo Fisher Scientific, Waltham, MA, P/N BP358-1), and 10 mL

HPLC grade acetonitrile (Thermo Fisher Scientific, P/N A955-4),

mixed using a VWR® Mini Vortexer at the highest speed for 2 min,

and then centrifuged at 3041 g for 10 min. As much supernatant as

possible was transferred, without disturbing the sediment, into

another test tube containing �0.1 g C18 Endcapped SPE Bulk Sorbant

(Agilent Technologies, Santa Clara, CA, P/N 5982–1382) and �0.05 g

Carbon SPE Bulk Sorbant (Agilent Technologies, P/N 5982–4482) for

further cleanup. The mixture was first vortexed at speed 7–8

for 1.5 min and then centrifuged at 3041 g for 10 min. Five millilitres

supernatant was transferred, without disturbing the sediment, to a

6 mL test tube (Thermo Fisher Scientific, P/N 14–961-32) and dried

using an Automated Evaporation System-LV TurboVap® at 75�C

under 10 psi of nitrogen for 25 min. The dried residue was brought to

room temperature and reconstituted with 1.0 mL of 3:7 mobile phase

mixture (3 parts 5 mM NH4AC in MeOH:7 parts 5 mM NH4AC in

H2O) before being filtered through a 0.2 μm PVDF filter (Thermo

Fisher Scientific, P/N F2513-4) into a 2 mL amber glass (HPLC vial

Agilent Technologies, P/N 5182–0716). The filtered samples were

either immediately analysed on the LC/MS/MS (Agilent 1290 Infinity

HPLC/ Agilent 6490 Triple Quad LC–MS) or stored frozen (�20�C)

and brought to room temperature before being analysed.

A seven-point linear standard curve was constructed for each tar-

get compound using the peak area ratio for a compound and its stable

isotope against the concentrations of the seven standards of the tar-

get compounds. The concentrations of the three target analytes were

determined using the seven-point linear standard curve against the

peak area ratio for a compound and its stable isotope in a tested soil

sample. Although the stable isotopes of the target analytes were used

as internal standards to correct the loss of the target analytes during

sample extraction, cleanup and instrumental analysis, 100% spike

recovery rate is often unachievable due to various interactions with

complex soil components and instrument matrix effect. For this study,

the recovery rates of the three target analytes were 85%–95% for the

spiked soil samples, which were well within the Environmental Protec-

tion Agency’s (EPA’s) 70%–110% spike recovery rate range required

for pesticides analysis (EPA, 2007). The spiked sample recovery rate

for a target analyte is reported to indicate a methods’ validity; how-

ever, it is not normally used to adjust the reported concentration

value of a target analyte in a sample. The method detection limits

were 0.167, 0.056 and 0.167 ppb (μg/kg dry soil basis) for IMI, 5H-

IMI and IMI-OLE, respectively.

Statistical analysis

Beetle percent emergence and chemical quantity data were col-

lected over a two-year period (2021–2022) from both the KF and

SRSF field sites. Percent emergence and chemical quantities were

measured at the tree level and all analyses were conducted using R

(R Core Team, 2021) using the packages car, lme4, lmerTest and

multcomp.

Beetle emergence percentage was calculated as the number of

adults emerged divided by the number of larvae (10) placed into the

soil beneath each trap, expressed as a percent. In 2022, an extra trap

was placed at each tree without larval release, to quantify the number

of beetles emerging from naturally occurring Laricobius populations. In

these 2022 control traps, no beetles emerged at SRSF, and only three

beetles emerged from the 20 control traps at KF (emergence

rate = 0.015). A one sample t-test showed that naturally occurring

emergence was not significantly different from zero (p = 0.1649), so

no adjustment to the other trap emergence counts was needed. The

analysis of all other emergence traps followed the methodology of

Foley IV, McAvoy, Grubb, et al., 2022, where emergence was mod-

elled as a generalized linear mixed model (GLMM), using the percent

emergence as a response with independent variables including treat-

ment, year and their interaction. Ten larvae were placed in each trap,

therefore an offset of 10 was applied to the GLMM. The study design

4 HILLEN ET AL.
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differs between the KF and the SRSF field sites, so the random block

effect used in the GLMM for each site is different. For KF, the

repeated tree measurements are nested in the overall block effect.

For SRSF, the repeated tree measurements were accounted using a

block random effect. The model for each site used a type II ANOVA

from the car package and the multcomp package to investigate the

multiple comparisons of treatment effects conditional on year.

The coefficients for the categorical variables treatment and year

are relative to a baseline level present in the model when that level is

observed. The baseline levels to which the coefficients are compared

is the control treatment and the year 2021. The coefficients are

explaining a log scaled emergence rate; therefore, the baseline pre-

dicted percent emergence for year 2021 and the control treatment is

the exponentiated intercept coefficient.

Concentrations of IMI, 5H-IMI and IMI-OLE were measured in

parts per billion at three depths for each tree in both 2021 and

2022. To model the concentrations of each of these chemicals, a

linear mixed effect regression model was used with an identical

random effect structure as described above for the percent emer-

gence analysis for each site. To account for the assumption of nor-

mality, a logarithmic transformation was used with the chemical

concentrations plus one, as there were exact zeros in the observed

concentrations. Independent variables for this analysis included

year, depth, treatment and all higher order interactions of these

three main effects. Models were fit using the lmerTest package,

with a type II ANOVA from the car package and a Satterthwaite

correction. Like the emergence analysis, the multiple comparisons

of treatment effects conditional on year were analysed using the

multcomp package.

RESULTS

Laricobius emergence

At KF in 2021, the CoreTect and soil drench treatments had a signifi-

cantly (p < 0.05) lower mean percent emergence than the soil injec-

tion treatment (Figure 1). In 2021, percent emergence in the control

did not differ from any of the insecticide treatments (Figure 1). In

2022, no significant differences among treatments on the mean per-

cent emergence was found at KF (Figure 1). At SRSF over both years

of this study (2021 and 2022), there was no significant difference in

the mean percent emergence between the control and soil injection

2017 treatments (Figure 2).

Soil insecticide residue analysis

Based on the results of the Type II ANOVA, an overall significant

treatment effect was found at KF on the concentrations of IMI

(F = 49.75, df = 3, p < 0.001), 5H-IMI (F = 15.41, df = 3, p < 0.001)

and IMI-OLE (F = 28.68, df = 3, p < 0.001) in the soil. Year had a sig-

nificant effect (F = 5.3, df = 1, p < 0.05) on the concentration of 5H-

IMI found at KF. In addition, there was a significant interaction

between treatment and year (F = 2.95, df = 3, p < 0.05) at KF on the

concentration of 5H-IMI in the soil. At SRSF, the overall concentration

of IMI was significantly affected by treatment (F = 14.03. df = 1,

p < 0.01), year (F = 18.32, df = 1, p < 0.001) and depth (F = 12.42,

df = 2, p < 0.001), but not a three-way interaction. The results are

depicted in figures rather than in table form due to the specific

F I GU R E 1 Box plot depicting the percent emergence of adult Laricobius spp. for each treatment (control, soil injection, CoreTect and soil
drench) at Kentland Farm (KF) in 2021 (1-year post-treatment) and 2022 (2 years post-treatment). Different colour boxes represent each
treatment, diamonds in each box represent the means and when present, vertical lines extend to the maximum and minimum observed percent
emergence. Boxes labelled with the same letter (capital letters for 2021 and lowercase letters for 2022) do not differ by treatment within each
year. A pairwise t-test was used for mean comparison. Raw data were transformed by square root (Emergence +0.5) for statistical analysis but
means of untransformed data are shown.
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significant interactions. A significant interaction at SRSF was present

between the concentration of IMI in the soil between treatment and

year (F = 18.71, df = 1, p < 0.001) (Figure 3) and treatment and depth

(F = 11.12, df = 2, p < 0.001) (Figure 4).

In 2021 at KF, the soil drench treatment resulted in a significantly

higher (p < 0.05) mean concentration of IMI than CoreTect and

control treatments at the 0–1 and 1–6 cm depths (Table 1). In 2022,

the soil drench treatment resulted in higher concentrations of IMI

than the soil injection, CoreTect and control treatments at the 0–1

and 1–6 cm depths (Table 1). The soil drench treatment also resulted

in significantly higher (p < 0.05) mean concentration of IMI-OLE than

the other three treatments at the 0–1 cm depth in 2021 and at both

F I GU R E 2 Box plot depicting the percent emergence of adult Laricobius spp. for each treatment (control and soil injection 2017) at Savage
River State Forest (SRSF) in 2021 (1-year post-treatment) and 2022 (2 years post-treatment). Different colour boxes represent each treatment,
diamonds in each box represent the means and when present, vertical lines extend to the maximum and minimum observed percent emergence.
Boxes labelled with the same letter (capital letters for 2021 and lowercase letters for 2022) do not differ by treatment within each year. A
pairwise t-test was used for mean comparison. Raw data were transformed by square root (Emergence +0.5) for statistical analysis but means of
untransformed data are shown.

,

,

,

F I GU R E 3 Bar plot depicting the mean (+ SE) imidacloprid (IMI) concentration in parts per billion (ppb) for each treatment (control and soil
injection 2017) at Savage River State Forest (SRSF) in 2021 (4 years post-treatment) and 2022 (5 years post-treatment). The height of the bar
represents the mean and vertical lines represent the standard error. Means labelled with the same letter (capital letters for 2021 and lowercase
letters for 2022) do not differ by treatment within each year. A pairwise t-test was used for mean comparison. Raw data were transformed by log
(x + 1) for statistical analysis but means of untransformed data are shown.
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,

,

F I GU R E 4 Bar plot depicting the mean (+ SE) imidacloprid (IMI) concentration in parts per billion (ppb) for each depth; 0–1, 1–6 and 6–
11 cm at Savage River State Forest (SRSF) for both treatments (control and soil injection 2017) for both 2021 (4 years post-treatment) and 2022

(5 years post-treatment). The height of the bar represents the mean and vertical lines represent the standard error. Means labelled with the same
letter (capital letters for control and lowercase letters for soil injection 2017) do not differ by depth within each treatment. A pairwise t-test was
used for mean comparison. Raw data were transformed by log (x + 1) for statistical analysis but means of untransformed data are shown.

T AB L E 1 Mean (SE) chemical residues (ppb, μg/kg dry soil basis) of imidacloprid (IMI), imidacloprid-olefin (IMI-OLE) and 5-hydroxy-
imidacloprid (5H-IMI) at Kentland Farm (KF) by treatment, soil depth and year.

Chemical Year Depth (cm)

Treatment

Soil drench Soil injection CoreTect Control

IMI 2021 0–1 4168.8 (1154.7)A,a 1653.4 (698.9)AB,a 224.3 (146.0)B,a 2.0 (2.0)B,a

2021 1–6 3620.6 (1293.5)A,a 795.4 (687.5)AB,a 57.5 (52.0)B,a 0.9 (0.9)B,a

2021 6–11 2481.4 (1167.0)A,a 5303.1 (4360.9)A,a 2.8 (1.9)A,a 2.6 (1.3)A,a

2022 0–1 4167.9 (1171.2)A,a 348.1 (225.2)B,a 4.4 (1.4)B,a 1.1 (0.7)B,a

2022 1–6 2520.1 (476.0)A,a 889.5 (520.1)B,a 246.6 (169.4)B,a 0 (0)B,a

2022 6–11 1760.0 (557.7)A,a 1427.5 (759.9)A,a 1936.9 (1845.4)A,a 0.2 (0.2)A,a

IMI-OLE 2021 0–1 45.1 (5.7)A,a 19.4 (8.6)B,a 2.0 (1.6)B,a 0 (0)B,a

2021 1–6 104.3 (36.0)A,a 37.5 (24.2)AB,a 0.8 (0.8)B,a 0 (0)B,a

2021 6–11 33.3 (9.5)AB,a 42.4 (17.4)A,a 0 (0)B,a 0 (0)B,a

2022 0–1 54.4 (13.3)A,a 7.5 (5.5)B,a 0 (0)B,a 0 (0)B,a

2022 1–6 46.3 (9.4)A,a 9.1 (5.4)B,a 3.5 (2.6)B,a 0 (0)B,a

2022 6–11 21.3 (6.2)A,a 13.4 (8.2)A,a 21.4 (19.7)A,a 0 (0)A,a

5H-IMI 2021 0–1 10.2 (3.9) A,a 5.3 (2.5)AB,a 0.8 (0.8)AB,a 0 (0)B,a

2021 1–6 8.7 (4.3) A,a 19.3 (17.0)A,a 0.1 (0.1)A,a 0 (0)A,a

2021 6–11 6.1 (2.8)A,a 11.7 (6.5)A,a 0 (0)A,a 0 (0)A,a

2022 0–1 54.6 (17.7)A,a 6.5 (4.6)B,a 0 (0)B,a 0 (0)B,a

2022 1–6 35.6 (8.0)A,a 11.1 (7.0)AB,a 1.8 (1.8)B,a 0 (0)B,a

2022 6–11 20.5 (7.1)A,a 18.5 (13.6)A,a 66.2 (65.2)A,a 0 (0)A,a

Note: For a given chemical, treatment and year, means within the same row (depth) labelled with the same uppercase letter are not significantly different

by treatment (α = 0.05). For a given chemical, treatment and year, means within the same column (treatment) labelled with the same lowercase letter are

not significantly different by depth (α = 0.05). Raw data were transformed by log (x + 1) for statistical analysis but means of untransformed data are

shown.
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the 0–1 and 1–6 cm depths in 2022 (Table 1). The concentration of

5H-IMI in 2021 at 0–1 cm was significantly higher (p < 0.05) from the

soil drench, soil injection and CoreTect treatments when compared

with the control and in 2022, the soil drench treatment has signifi-

cantly higher (p < 0.05) concentration of 5H-IMI than the other three

treatments at 0–1 cm (Table 1). While significant (p < 0.05) differ-

ences between treatments were present in the mean soil concentra-

tion at a given depth at KF, depth alone did not have a significant

effect on the mean concentration of soil residues within each treat-

ment for a given chemical and year (Table 1).

Soil moisture data

Soil moisture data were collected at all three field sites between 2021

and 2022, during study months (April–December). Over both field

seasons, the mean soil moisture at SRSF 2017 treatment field site was

16.7% with a mean minimum of 10.0%. At the SRSF Control site the

mean moisture content was 20.7% with a minimum of 14.2%.

The overall mean soil moisture at KF between 2021 and 2022 was

16.3% with a mean minimum of 10.9%.

DISCUSSION

This is the first study, to the best of our knowledge, to document the

treatment effect of IMI soil applications on the subterranean survivor-

ship of Laricobius spp. In addition, this study reported the different

treatment effects on mean concentrations of IMI, 5H-IMI and IMI-

OLE at different depths within the soil profile. The use of the histori-

cally treated site in western MD allowed us to take advantage of

operational activities to study potential effects on subterranean survi-

vorship and mean metabolite concentrations 5 years post-treatment.

The findings from this study show that IMI, 5H-IMI and IMI-OLE were

still present in soils 5 years post-treatment from soil injection treat-

ments. Previous studies found that IMI and IMI-OLE were present in

foliage 4–7 years post-treatment with IMI (Benton et al., 2015), IMI

present in soil one-year post-treatment (Knoepp et al., 2012) and in

surface waters downstream from treatment sites 1-year post-

treatment (Benton et al., 2016). At the site where all three application

methods were compared, the soil drench treatment resulted in the

highest concentration of IMI, 5H-IMI and IMI-OLE in the soil com-

pared to CoreTect 5 months post-treatment and compared to both

Coretect and soil injection 17 months post-treatment.

During the first year of this study (2021) at KF, the soil drench

and CoreTect treatments had the lowest mean percent emergence,

but that effect was no longer present in 2022 (Figure 1). In 2021, both

the soil drench and soil injection treatments resulted in significantly

higher mean soil concentrations of IMI at the 0–1 and 1–6 cm depths

and IMI-OLE at the 1–6 cm depth (Table 1). Interestingly, a signifi-

cantly higher mean percent emergence occurred in the soil injection

treatment in 2021 than both the soil drench and CoreTect treatments

(Figure 1). In 2022, the soil drench treatment had significantly higher

mean concentrations of IMI, IMI-OLE and 5H-IMI at the 0–1 cm

depths and IMI and IMI-OLE at the 1–6 cm depths (Table 1), but no

significant differences in emergence percentage was found between

treatments (Figure 1). These data suggest that mean percent emer-

gence was affected by the soil drench and CoreTect tablet application

methods in the first year of the study, but not in the second year. This

further supports the timing guidelines for releasing Laricobius

spp. 1 year after application with IMI as suggested in Mayfield III et al.

(2020). The significantly higher mean percent emergence from the soil

injection treatment at KF during the first year of this study (Figure 1)

suggests that although significant concentrations of IMI and IMI-OLE

remained in the soil from this technique in 2021 (Table 1), it posed

less risk to the subterranean survivorship of Laricobius spp. than soil

drench or CoreTect tablet application techniques in the first year of

this study.

The different treatment effects on percent emergence could be

attributed to the depth at which each application technique is applied,

the burrowing depth of Laricobius spp., and the bioavailability of the

compound itself, which can vary greatly depending on soil composi-

tion and time (Oi, 1999). Soil drench applications are typically applied

directly to the soil surface. In contrast, CoreTect tablets are buried 5–

12 cm below the soil surface, and soil injections apply the chemical in

suspension at a depth of 7.6–20.0 cm (Benton et al., 2015; Steward

et al., 1998). Maximum Laricobius spp. larval burrowing depth has

been demonstrated to be about 3 cm (Hillen et al., 2023), so soil injec-

tion and Coretect applications direct the chemical below the depth

where Laricobius typically aestivates. The higher percent Laricobius

spp. emergence observed from the soil injection treatment 1 year

after treatment (2021, Figure 1) may have been due to reduced insect

exposure to IMI, because the chemical was injected well below the

larval burrowing zone. It is important to consider the lethal dose of

IMI for Laricobius spp.; 2400 ppb with a 6-day LD50 value of 1.8 ng

IMI per individual (Eisenback et al., 2010) and that each reported soil

concentration value (Table 1) is a mean concentration (SE) reported

from the aggregation of four soil samples per depth, per tree. This

study attempted to create the ‘worst case scenario’ by placing the

emergence traps at the same distance from the tree that the IMI was

applied to expose the larvae to as much IMI, IMI-OLE and 5H-IMI as

possible. An individual Laricobius spp. would not necessarily be

exposed to that exact reported mean concentration nor would that

entire concentration be bioavailable to that individual given the vari-

ability of soil organic matter, water flow and direct exposure within

the soil (Oi, 1999). Furthermore, in an IPM field scenario, Laricobius

spp. larvae drop from a tree’s dripline to the soil, which includes a

much larger area and would decrease the likelihood that an individual

larvae would land exactly where IMI was injected, drenched or applied

using a tablet.

Additional factors that could have impacted the total emergence

of Laricobius spp. at all sites include abiotic conditions, transportation

and handling of larvae before placement into emergence traps, and

trap disturbance by animals throughout the duration of the experi-

ment (Foley IV, McAvoy, Grubb, et al., 2022; Zilahi-Balogh, Humble,

et al., 2003). The relatively low emergence rates described in this

8 HILLEN ET AL.
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experiment are standard for Laricobius spp. and align with other stud-

ies in both the lab (37.5 ± 13.6%) and field sites in southwest Virginia

(17.1 ± 0.8%) (Foley IV et al., 2021; Foley IV, McAvoy, Grubb,

et al., 2022). Abiotic factors such as soil moisture in the field (Foley IV,

McAvoy, Grubb, et al., 2022) and lab (Lamb et al., 2007) have been

shown to significantly impact the subterranean survivorship of Larico-

bius spp. Soil moisture ranging between 20% and 40% have been

identified as the ideal conditions for success of aestivation in Larico-

bius spp. (Foley IV et al., 2021; Lamb et al., 2007). Based on the rela-

tively low mean minimum soil moisture content across all three sites

and the known ideal conditions for Laricobius spp., soil moisture levels

could have negatively affected the overall percent emergence data

collected from this study.

While numerically different mean IMI, 5H-IMI and IMI-OLE con-

centrations existed between the SRSF 2017 and SRSF control site

from 2021 to 2022 (Figure 3), there was high variation in mean ranges

as well as a great number of non-detectable levels of residues within

those soil samples. Non-detectable levels of residues were function-

ally analysed as zeros, and the highest metabolite concentrations were

not excluded as outliers, which contributed to the lack of significant

differences between groups. The wide range in mean chemical residue

concentration present in the soil at the SRSF 2017 site demonstrates

that IMI, 5H-IMI and IMI-OLE residues can persist in the soil below

IMI treated trees 5 years post-treatment using soil injection

techniques.

CONCLUSIONS

This study supports previous recommendations (Mayfield III

et al., 2020) to delay releases of Laricobius spp. for 1 year post-

treatment with IMI. Based on the mean percent emergence data from

KF, the significant treatment effect from soil drench and CoreTect

tablet application techniques (p < 0.05) in year one (2021) was no lon-

ger observed by year two (2022). Additionally, although IMI, IMI-OLE

and 5H-IMI were all present at low concentrations 5 years post-

treatment with soil injection at SRSF, no evidence existed that these

residues affected mean percent emergence of the beetles. Lastly,

these data suggest when applying IMI to a stand already established

with Laricobius spp., soil injection techniques pose the least risk to

their subterranean survivorship due to the significantly higher mean

percent emergence (p < 0.05) from the soil injection treatment at KF

during the first year of this study.
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