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Abstract

We assessed density of emerald ash borer (Agrilus planipennis Fairmaire) (Coleoptera: Buprestidae) larvae over
a 6-yr period by felling and sampling a total of 315 green ash (Fraxinus pennsylvanica Marsh.) trees that were left
untreated or treated with imidacloprid, dinotefuran, or emamectin benzoate products at 1-yr, 2-yr, or 3-yr intervals.
Our study, conducted across a 32-ha forested area, began soon after emerald ash borer became established and
continued through the peak and eventual decline of the emerald ash borer population. Less than half of the 96
trees in the pretreatment sample were infested and larval densities were very low. Densities of emerald ash borer
remained low for 3 yr, then increased exponentially, eventually resulting in mortality of most untreated overstory
ash. Trees treated with either low or moderate rates of emamectin benzoate applied via trunk injection had few or
no emerald ash borer galleries, even 3 yr post-treatment. Basal trunk sprays of dinotefuran applied annually were
also effective at preventing larval densities from reaching damaging levels. Average larval densities on trees treated
with a trunk injection of imidacloprid were lower but did not differ from untreated trees, regardless of treatment
frequency. Larval parasitism was rare, while woodpecker predation was common and accounted for nearly all
natural larval mortality, even on trees with very low densities of larvae.
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Emerald ash borer, Agrilus planipennis Fairmaire (Coleoptera:
Buprestidae), threatens more than eight billion ash (Fraxinus spp.)
trees in U.S. forests plus millions of ash in residential and urban
landscapes (Herms and McCullough 2014, Poland and McCullough
2006). This phloem-feeding pest, a native of Asia, has killed hun-
dreds of millions of ash trees since it was discovered near Detroit,
Michigan in 2002 (Cappaert et al. 2005) and is now considered the
most destructive and costly invasive forest insect in North America
(Aukema et al. 2011, Herms and McCullough 2014). The range
of emerald ash borer continues to expand and to date, emerald

ash borer infestations have been confirmed in 35 states and four
Canadian provinces (EAB.info 2018).

Green ash and white ash (FE americana) are especially abun-
dant and widely distributed in eastern U.S. forests (Kennedy 1990,
Schlesinger 1990, Gucker 2005) and cultivars of both species are
common landscape trees in all 48 continental states (MacFarlane
and Meyer 20035, Poland and McCullough 2006). An estimated 38
million landscape ash trees grow in urban areas in the eastern United
States, and if suburbs of those areas are included, the number of
ash trees doubles (Kovacs et al. 2010, 2011). Popularity of ash for
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landscapes and street trees reflects several appealing traits, includ-
ing an upright and attractive form, the ability to tolerate poor or
stressful growing conditions, and prior to the emerald ash borer
invasion, a lack of major pests (Poland and McCullough 2006). In
many municipalities, ash trees comprise 20-30% of the urban for-
est canopy and in some cities, ash accounts for more than 50% of
the landscape and street trees (Ball et al. 2007; Kovacs et al. 2010,
2011; McCullough and Mercader 2012; Sydnor et al. 2011; Sadof
et al. 2017). Without effective insecticide protection, these trees can
be expected to succumb to emerald ash borer, usually within 6-8
yr of infestation (Mercader et al. 2011, McCullough and Mercader
2012, Knight et al. 2013, Sadof et al. 2017).

When emerald ash borer was first identified as the cause of wide-
spread ash mortality in 2002, only a few systemic insecticides were
available and efficacy was inconsistent (McCullough et al. 2004, 2007;
Herms 2011). Advances in our understanding of emerald ash borer
biology, along with development of new systemic insecticide com-
pounds, formulations, and application methods, have substantially
improved the ability of arborists to protect valuable ash trees in land-
scapes (McCullough et al. 2011, Herms et al. 2014, Bick et al. 2018).

Registration of a systemic insecticide with emamectin benzoate
as the active ingredient (AI) in 2010 markedly increased interest in
protecting ash trees from emerald ash borer. An extensive field study
encompassing 175 trees demonstrated that a trunk injection of this
product, sold as TREE-ige, provided nearly 100% protection from
emerald ash borer for 2 yr (McCullough et al. 2011). Other field
trials similarly documented the remarkable efficacy and persistence
of this product for emerald ash borer control (Smitley et al. 2010,
Herms 2011, Flower et al. 2015). Further, an extensive 4-yr pro-
ject encompassing 390 km? showed that treating even a very small
proportion of ash trees with the emamectin benzoate product sig-
nificantly slowed emerald ash borer population growth and the
rate of ash decline across the project area (McCullough et al. 2015,
Mercader et al. 2015).

Most trials to evaluate systemic insecticides for emerald ash borer
control, including imidacloprid, dinotefuran, and emamectin benzo-
ate, assessed larval densities either on very small trees in plantations or
on one to two branches of landscape trees, or relied on visual estimates
of canopy condition (McKenzie et al. 2010; Smitley et al. 2010, 2015;
Herms 2011; Flower et al. 2015). More intensive evaluations of treat-
ment efficacy have involved felling entire trees to quantify larval den-
sities (McCullough et al. 2011, Lewis and Turcotte 2015). Although
felling and destructively sampling trees is labor intensive and not
practical in many settings, such data are the most accurate means to
assess efficacy of insecticide products. This intensive form of sampling
also prevents confounding emerald ash borer-related canopy decline
with stress related to weather, growing conditions, or other factors.
Persistence of emerald ash borer control has been monitored in past
studies for 2-3 yr post-treatment (McKenzie et al. 2010, Herms 2011,
McCullough et al. 2011, Flower et al. 2015, Smitley et al. 2015), but
few trials have extended beyond 4 yr (Bick et al. 2018).

Here, we report results from a large-scale field study designed
to evaluate changes in emerald ash borer larval density and efficacy
of imidacloprid, dinotefuran, and emamectin benzoate products
applied annually, or at 2-yr or 3-yr intervals over a 6-yr period. Our
study, which was conducted across a 32-ha forest, began shortly
after emerald ash borer invaded the area and continued through the
peak and eventual decline of the local emerald ash borer population.
In total 315 ash trees were intensively sampled over the course of the
6-yr study. Our results document changes in emerald ash borer larval
density over time, differences in insecticide efficacy and persistence,
and the extent of larval mortality caused by natural enemies.

Materials and Methods

Study Area

We established this study in fall 2007 in a 32.4-ha (80 acres) area
of forested land in the Au Sable State Forest in Jasper Township,
Midland County, in central lower Michigan, United States. This
area is accessible only by foot and consists of mixed forest types
varying in size and stocking density, intermixed with swamps, and
open fields. Green ash (Fraxinus pennsylvanica Marsh.) was rela-
tively abundant across the area, along with scattered black ash
(E. nigra Marsh.) trees. Other common overstory species included
aspen (Populus tremuloides Michx), maples (Acer spp.), and oaks
(Quercus spp.). Alder (Alnus spp.) thickets were common in wet
areas. We suspected emerald ash borer could be in or near this area,
but we observed no signs or symptoms associated with emerald ash
borer infestation on any ash trees in the study area or in adjacent
stands at the outset of the study.

Pretreatment Ash Inventory and Emerald Ash Borer
Sampling
A systematic grid consisting of 50 x 50 m cells (total of 128 grid
cells) was overlaid on a map of the area. Geo-referenced coordi-
nates for each grid cell corner were identified and marked in the
field with handheld GPS units (Garmin ETrex; Garmin, Inc., Olathe,
KS). During the 2007-2008 winter, we tallied all ash trees >2.5 cm
DBH by DBH class in each grid cell. Small trees, i.e., 2.5-10 cm
DBH, were included in our inventory because emerald ash borer can
colonize and kill trees down to 2.5 cm DBH (Cappaert et al. 20035,
Poland and McCullough 2006). Ash phloem area was estimated by
DBH class following methods of McCullough and Siegert (2007).
To systematically assess emerald ash borer presence and quan-
tify initial emerald ash borer larval densities, we felled one or two
ash trees in each grid cell where ash occurred between December
2007 and March 2008. In total 96 felled trees (Table 1) were limbed,
then sampled by sectioning the trunk and branches into 1 m long
bolts from the base to the point where the leader or branches were
approximately 8 ¢cm in diameter. Alternate bolts beginning at 1 m
above ground were examined and distinctive D-shaped exit holes
made by adult emerald ash borer beetles upon emergence and larger
holes left by woodpeckers preying on emerald ash borer larvae were
recorded (Cappaert et al. 2005). Bolts were carefully debarked with
drawknives to expose emerald ash borer larval galleries and meas-
ured (bolt length and diameter at both ends). Larvae were tallied by
condition (live, dead, predated, parasitized) and life stage as early
(first or second instar), third instars, fourth instars, prepupae, or
emerged adults (Cappaert et al. 2005). Counts were summed and
standardized by the exposed surface area for each tree.

Systemic Insecticides and Treatment Regimes
In spring 2008, we divided the study area into eight quadrants, each
4.05 ha (10 acres) and comprised of 16 (i.e., 4 x 4) grid cells. We
selected a block of 28 similarly sized green ash trees within each
quadrant. All trees appeared healthy with full canopies and we
observed no external evidence of emerald ash borer infestation on
any ash trees.

We randomly assigned five trees in each of the eight blocks to
be treated with one of four systemic insecticide products/rates (20
trees total). For each insecticide product/rate, three trees per block
were treated annually until felled, one tree per block was treated at
2-yr intervals (2008 and 2010) and one tree per block was treated
at 3-yr intervals (2008 and 2011) (Table 1). Systemic insecticides
included a basal trunk spray of dinotefuran (Safari), trunk-injected
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emamectin benzoate (TREE-ige) applied at a low rate (EB-Low) or
at a moderate to high rate (EB-High), and trunk-injected imidaclo-
prid (Imicide) (Table 2). Systemic insecticides were applied when leaf
expansion was nearly complete in early- to mid-June each year. The
remaining eight trees in each block were left untreated to serve as
controls (Table 1).

Basal trunk sprays of dinotefuran (Safari) (formulated with dis-
tilled water) were applied with a 7.6-liter garden sprayer at a rate
of 95 ml of formulated product per 2.5 cm DBH (Table 2) using a
conical spray nozzle and low pressure to avoid splash-back or over-
spray. We added 89 ml (3 oz) of a nontoxic surfactant (Pentra Bark)
to each 3.8 liters (1 gallon) of formulated product. Previous observa-
tions had suggested Pentra Bark could potentially enhance dinote-
furan penetration of outer bark (McCullough et al. 2007). Spray was
applied evenly to the outer bark around the circumference of the tree
from approximately 4 to 1.6 m aboveground.

Trunk injections of emamectin benzoate and imidacloprid
(Table 1) were evenly spaced around the base of the tree, avoid-
ing areas with previous wounds, cankers, or dead tissue. We applied
emamectin benzoate (TREE-dge) using #4 Arborplugs. Trees treated
at the lowest label rate (2.5 ml per 2.5 cm DBH) were injected with
the QUIK jet device (one injection site per 5 cm DBH). Trees assigned
to the moderate-high rate of emamectin benzoate (5 ml per 2.5 cm
DBH) were injected with TREE-ige combined with an equal amount
of distilled water using the ArborJet TREE IV system with four or
eight delivery lines, depending on tree size, following label directions.

When needed, containers were re-pressurized or valves were moved
to other injection sites to ensure complete uptake. Imidacloprid
(Imicide 10%) was applied using Mauget micro-injection capsules
(one 3 ml capsule per 5 cm DBH). After an hour, capsules were
checked and re-pressurized if any product remained in the capsules.

Post-treatment Sampling

Subsets of trees were felled and sampled between January and early
April each year from 2009 to 2014, as indicated in the treatment
and sampling schedule summarized in Table 1. In 2009, we felled
one tree that had been treated with each insecticide product/rate in
the preceding summer (June 2008) and one control tree per block.
In 2010 and again in 2011, we felled one control tree per block. In
2012, we felled one of the trees treated annually, the tree treated
biennially (2 yr intervals) with each insecticide product/rate, and two
control trees per block. In 2013, two control trees per block were
felled. In 2014, one of the trees treated annually, the tree treated tri-
ennually (3 yr intervals) with each insecticide product/rate, and one
control tree per block were felled. One dinotefuran tree designated
for annual treatment fell in a 2011 windstorm and was not sampled
in 2012. In 2013, two control trees per block were felled and sam-
pled. In 2014, one of the trees treated annually, the tree treated trien-
nually (3 yr intervals) with each insecticide product/rate, and one
control tree per block were felled and sampled. Three of the original
72 trees could not be sampled in 2014 because they blew down dur-
ing 2009 or 2011 windstorms. An additional tree treated annually

Table 1. Number of green ash (F pennsylvanica) trees felled and sampled in the 2007-2008 winter before treatments were applied, number
of trees per treatment treated annually in early June with one of four systemic insecticide products/rates for 1, 2, or 6 yr, or treated at 2-yr
or 3-yr intervals, and number of trees felled and sampled the following winter.

No. of trees per treatment treated with each insecticide (June) and no. of trees felled and sampled (Jan.—April) by year

2007/2008 2008-2009 2009-2010 2010-2011 2011-2012 2012-2013 2013-2014

Treatment regime Felled Treated Felled Treated Felled Treated Felled Treated Felled Treated Felled Treated Felled
Annual —

Tyr 8 8

4 yr 8 8 8 8 8«

6 yr 8 8 8 8 8 8 8t
Multi-year —

2-yr intervals 8 8 8

3-yr intervals 8 8 8
Not treated 96 8 8 8 14 16 8
Total trees 96 160 40 64 8 96 8 96 77° 32 16 32 68

“One tree treated annually with dinotefuran fell during a 2011 windstorm and was not sampled in 2012.

"Four trees were not sampled in 2014 because they blew down during 2009 or 2011 windstorms or could not be safely felled, including one tree treated trien-
nial with the high emamectin benzoate rate, one tree treated annually with the low emamectin benzoate rate and two trees treated triennially with imidacloprid.

Table 2. Systemic insecticide products and distributors, application rates (grams of Al per 2.5 cm DBH), and application methods used to
treat green ash (F pennsylvanica) trees in early June, either annually or at 2-yr or 3-yr intervals from 2008 to 2013

Al Product Distributor Rate (Al) Application method
Dinotefuran + Pentra Bark? Safari 20 SG Valent USA Corp., Walnut Creek, CA 1.70 g Basal trunk spray
(3.2 fl oz per 2.5 cm DBH)
Emamectin benzoate—low TREE-dge 4% ME Arborjet, Inc., Woburn, MA 0.10 g Trunk macro-injection; Quik jet
(2.5 ml per 2.5 cm DBH)
Emamectin benzoate—high TREE-dge 4% ME Arborjet, Inc., Woburn, MA 0.20g Trunk macro-injection; TREE LV.
(5.0 ml per 2.5 cm DBH)
Imidacloprid Imicide HP 10% JJ Mauget Co., Arcadia, CA 0.07 g Trunk micro-injection;

(3 ml capsule per 5.1 cm DBH)

“Pentra-Bark is an agricultural organosilicone surfactant (Quest Products, Lindwood, KS). We added 89 ml per 3.8 liters of formulated dinotefuran.
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with imidacloprid became entangled with the canopy of a very large
adjacent tree and could not be safely felled for sampling (Table 1).

Felled trees were sectioned, debarked, measured, and examined
as described above. We recorded D-shaped emerald ash borer adult
exit holes and larger woodpecker holes, along with the number of
old galleries (from previous larval cohorts). Current-year larvae/gal-
leries were tallied by condition (live, dead, predated, parasitized) and
life stage. Larvae parasitized by native Atanycolus spp. (Braconidae)
or the introduced Tetrastichus planipennisi Yang (Eulophidae)
were identified by cocoons or gregarious larvae, respectively, and
recorded. In total 1,755 adult T. planipennisi (75% female) were
released for emerald ash borer biocontrol in 2009, approximately
800 m from the nearest border of our study area (D.G.M., unpub-
lished data). Counts of emerald ash borer exit holes, holes left by
woodpeckers, emerald ash borer larvae, galleries, and parasitized
larvae were summed for each tree and standardized by the exposed
surface area (density per m?).

Ash Condition in 2015

Although we were not able to repeat the complete inventory of ash
trees across the project area at the conclusion of the study, we estab-
lished a variable radius plot (5 baf prism) in the center of each of
the original 50 x 50 m grid cells in August 2015. We counted and
recorded DBH of live and dead ash trees (>10 cm DBH) and visually
estimated canopy dieback on live ash trees in 10% increments.

Statistical Analysis

Normality was tested for all variables using the PROC Univariate
procedure and residual plots. Pretreatment density of larvae in
untreated trees (felled during the 2007-2008 winter and density of
larvae in untreated control trees felled each winter from 2009 to
2014) were compared among years by a general linear mixed model
(PROC GLIMMIX) with year felled as a fixed effect and block as
a random effect in the model, followed by the Tukey—Kramer least
significant means test. Using the gamma distribution and log link
allowed assumptions of residual analysis to be met. The variance
matrix was blocked by study block, the estimator technique was
set as residual PL, and denominator degrees of freedom were deter-
mined using the Kenward-Rogers method.

Each year when treated trees were felled (i.e., 2009, 2012, and
2014), we similarly compared densities of current-year larval gal-
leries in trees among treatments with a general linear mixed model
(PROC GLIMMIX), using treatment as a fixed effect and block as
a random effect, followed by the Tukey—Kramer least significant
means test. As above, the response distribution was set as gamma
with the log link function. The variance matrix was blocked by study
block, the estimator technique was set as residual PL, and degrees of
freedom were determined using the Kenward-Rogers method. Other
response variables, including density of live larvae, dead larvae, old
galleries, woodpecker attacks, and total galleries, were also ana-
lyzed with a similar general linear mixed model (PROC GLIMMIX).
Response distributions and link functions were altered as necessary
for assumptions of residual analyses to be met and were set to log-
normal distribution with identity link function for density of dead
larvae in 2014 and density of live larvae in 2012.

Differences in ash tree DBH among blocks were compared
using a general linear model (PROC GLM) followed by the Tukey
means comparison test. Linear relationships between tree DBH
and density of current-year galleries in untreated control trees and
between densities of woodpecker attacks and current-year galler-
ies in untreated control and insecticide-treated trees were assessed

with regression analysis (PROC REG). All analyses were conducted
at the P < 0.05 level of significance using SAS 9.4 statistical soft-
ware (SAS Institute 2012).

Results

Pre-treatment Ash Inventory and Emerald Ash Borer
Sampling

During our initial inventory in winter 2007-2008, we tallied 12,315
ash trees (>2.5 cm DBH) representing 850 m? of basal area across
the 32.4 ha area. Most ash trees (79.5%) were small, ranging from
2.5 to 12.5 cm in DBH, while 15.1% and 5.2% of the trees fell into
the 12.6-25.1 cm and 25.2-45.0 cm DBH classes, respectively. There
were 64 trees (0.5%) with a DBH > 45 cm. Despite the prevalence
of small trees, larger trees in the 25.2-45 cm DBH class accounted
for approximately 40% of the ash phloem. Given that an average
of 89 emerald ash borer adults can potentially emerge per m? of ash
phloem (McCullough and Siegert 2007), we estimated the ash trees
in this area could potentially have produced more than 3.3 million
adult emerald ash borer beetles.

Baseline emerald ash borer larval densities across the project
area were determined between January and March 2008, before any
insecticide treatments began, by sampling the 96 felled ash trees,
which averaged 21.6 = 1.0 cm and ranged from 7.0 to 43.2 cm DBH.
In total 113.5 m? of ash phloem and an average of 1.2 = 0.3 m? of
phloem per tree was debarked and examined. We found 12 exit holes
left by emerged emerald ash borer adults on six trees. We tallied 681
emerald ash borer larval galleries on the 45 trees that were infested
and nearly all (97.5%) were from current-year larvae. Density of
galleries from previous and current-year larvae on infested trees
averaged 0.4 + 0.17 and 6.7 = 1.48 per m? of exposed area, respect-
ively. Only 33% of current-year galleries had live, apparently healthy
emerald ash borer larvae, while 62% were galleries of late stage lar-
vae that had been predated by woodpeckers. Dead larval cadavers
were found in 4.7% of the current-year galleries.

Post-treatment Sampling

Size of trees included in our insecticide study varied significantly
among blocks (F = 5.91; df = 7, 305; P < 0.0001) and ranged from
an average of 20.7 = 1.5 cm DBH (block 5) to 30.8 = 1.5 cm DBH
(block 6) (Table 3). There was no significant correlation between tree
DBH and total density of emerald ash borer larvae in control trees in
any year (r* = -0.08, P = 0.47 in 2007/8; #* = 0.07, P = 0.87 in 2009;
= -0.008, P = 0.98 in 2010; 7 = 0.28, P = 0.49 in 2011; 7 = —0.51,
P =0.06 in2012; 7> = -0.16, P = 0.53 in 2013; 7> = -0.43, P = 0.29
in 2014). Therefore, differences in tree size among blocks were not
a confounding factor in comparing emerald ash borer densities
among different insecticide treatments. Nevertheless, study block
was included as a fixed effect or blocking factor in all analyses to
control for any other site-related variation among blocks. Most trees
in our study were relatively tall. Height of the tallest 1 m long bolt
sampled on individual trees ranged from 6 to 25 m aboveground and
70 to 85% of the trees sampled annually from 2009 to 2014 were
at least 15 m tall.

Untreated Control Trees

We felled and sampled one control tree per block in late winter each
year from 2009 to 2011. These trees averaged (+SE) 31.5 = 2.76 cm,
26.0 = 1.06 cm and 22.0 = 1.61 cm in DBH and we exposed an aver-
age of 7.4 + 0.86 m?, 5.0 = 0.54 m?, and 3.0 = 0.34 m? of phloem
surface area per tree, respectively, in 2009-2011. In 2012 and
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Table 3. Mean (+SE) diameter at breast height (DBH) of ash trees
by block (N = 28 trees per block).

Block Mean = SE DBH (cm)

1 27.0 = 1.0ab
2 25.6 = 1.3abc
3 23.2 = 1.1bc
4 23.4 = 1.1bc
s 20.7 + 1.5¢

6 30.8 =+ 1.5a

7 24.9 = 1.2bc
3 28.1 = 1.4ab
F=5.91;df = 7,305; P < 0.0001

Means followed by different letters are significantly different, Tukey HSD
test, P < 0.05.

2013, we felled and sampled two control trees per block, averaging
29.2 = 1.51 cm and 20.2 = 1.06 cm DBH, respectively. We exposed
an average of 6.5 = 0.65 and 3.1 = 0.29 m? of phloem area per tree
in 2012 and 2013, respectively. In 2014, we felled one control tree
per block (eight trees) averaging 26.8 = 2.47 cm DBH, and exposed
an average of 5.6 + 0.86 m? of phloem area per tree.

During the first 4 yr of the study, from 2007/8 through 2011,
emerald ash borer larval densities on the control trees remained
very low (Fig. 1). Density of current-year larval galleries averaged
8.0 = 3.62 and 7.4 = 2.68 per m? in 2010 and 2011, respectively
(Fig. 1B). Total gallery density, which included current-year larval
galleries plus old galleries from previous years of larval feeding, aver-
aged 10.4 = 4.39 and 9.9 = 3.22 in 2010 and 2011, respectively
(Fig. 1A). Current-year gallery density nearly doubled from 2011 to
2012, averaging 16.8 = 4.10 larvae per m? while total (i.e., cumu-
lative) gallery density averaged 25.1 = 5.97 larvae per m? in 2012.
The increase in current-year gallery densities between 2012 and
2013 was even more striking (Fig. 1B). Densities of current-year and
total galleries averaged 43.8 = 5.26 and 62.0 = 5.23 per m?, respect-
ively, in 2013. By 2014, total gallery densities averaged 72.4 = 11.42
per m% In contrast, current-year larval density decreased, averag-
ing 35.9 = 14.2 galleries per m* in 2014 (Fig. 1A), largely because
much of the ash phloem was either dead or had been previously
consumed. Three of the eight control trees sampled in 2014 had no
current-year galleries, but galleries from previous years were abun-
dant. Total gallery densities were significantly higher in 2012-2014
than in 2007/2008 and 2009, while total densities in 2010 and 2011
were intermediate (Fig. 1A). Current-year gallery density was sig-
nificantly higher in 2013 and 2014 than it was until 2011, and was
intermediate in 2012 (Fig. 1B).

Insecticide Treatment Evaluation

Between January and March 2009, we felled and sampled 40 trees,
including one untreated control tree and one tree that was treated
with each of the insecticide products/rates within each of the eight
blocks in June 2008. Sampled trees averaged 28.8 + 1.25 cm DBH
and an average of 5.9 = 0.4 m of phloem per tree was exposed. On
untreated trees, average density of current-year larval galleries was
less than 2.0 per m? and total gallery density was less than 4.0 per
m? (Table 4). We identified a total of 12 emerald ash borer adult
exit holes on bolts from 10 trees; average density of exits was only
0.3 = 0.1 per m? Although densities of current-year emerald ash
borer galleries were very low in all trees, they were significantly
higher in control trees and trees treated with imidacloprid than in
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Fig. 1. Mean (+SE) density of (A) total and (B) current-year emerald ash borer
larval galleries in untreated control trees felled and sampled each winter
(between January and early April) from 2008 through 2014 in the Au Sable
State Forest in Midland Co., Michigan. Bars topped with the same letters are
not significantly different (Tukey HSD test; P< 0.05). (N =96 in 2007/8; N =14
in 2012; N=16in 2013; N = 8 in 2009, 2010, 2011, and 2014.)

trees treated with the low dose of emamectin benzoate, which had
no larval galleries (Fig. 2). Density of current-year galleries in trees
treated with the dinotefuran trunk sprays or the high dose of ema-
mectin benzoate were intermediate, but still averaged less than 0.1
gallery per m? (Fig. 2). Only one of the 16 trees treated with ema-
mectin benzoate and two of the eight trees treated with dinotefuran
had any live larvae, whereas live larvae were present on seven of the
eight imidacloprid trees and seven of eight control trees (Table 4).
In spring 2012, we felled and sampled one tree treated annually
and the tree treated biennially with each insecticide product/rate,
along with two untreated control trees in each of the eight blocks.
Density of current-year emerald ash borer galleries was significantly
higher in untreated control trees than in trees treated annually or
biennially with either the high or the low dose of emamectin benzo-
ate, while trees treated annually or biennially with either dinotefuran
or imidacloprid had intermediate densities (Fig. 3). Live, current-year
larvae were found on all 16 controls, the eight trees treated bien-
nially with imidacloprid and seven of eight trees treated annually
with imidacloprid. Five trees treated annually and seven trees treated
biennially with dinotefuran had live, current-year larvae, although
densities were very low on the trees treated annually (Table 4). Three
of the 16 trees treated with the high emamectin benzoate rate and
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Table 4. Mean (+SE) densities per m? of total and current-year emerald ash borer galleries, old emerald ash borer galleries, live and dead
current-year emerald ash borer larvae, and woodpecker attacks in untreated control trees and trees treated in June with dinotefuran (Dino;
Safari basal trunk spray), emamectin benzoate (EmBen; TREE-dge trunk injection) at a high or low dose, or with imidacloprid (Imi; Imicide;
Mauget microinjection capsules) in 2008 then felled and sampled in between January and early April in 2009, or treated annually or bienni-
ally from 2008 to 2011 and felled in 2012, or treated annually or triennially from 2008 to 2013 and felled in 2014 (N = 8 trees per insecticide

product/rate per year)

Current-year

Year felled/ treatment galleries Live larvae Dead larvae Woodpecker attacks Old galleries Total galleries

2009
Control 1.78 = 0.84a 1.77 = 0.84a 0.01 = 0.01a 0.40 = 0.19a 2.16 £ 0.97a 3.95 = 1.54a
Dino—annual 0.09 = 0.05ab 0.07 = 0.05b 0.02 = 0.02a 0.05 = 0.05ab 0.02 = 0.02b 0.11 = 0.07¢c
Em Ben 0.05 = 0.04ab (F 0.05 = 0.04a 0= 0b 0.84 = 0.40a 0.89 = 0.41ab
high—annual
Em Ben low—annual 0+ 0b 0= 0c 0=+0a 0= 0b 0.62 = 0.50a 0.62 = 0.50bc
Imi—annual 1.27 £ 049a 1.25 = 0.49a 0.03 = 0.03a 0.18 = 0.06ab 1.06 = 0.49a 2.34 +0.92a
F; df; P 4.44;430;0.006  72.21;4.28;  0.60;4,30;0.66  3.49; 4,28; 0.02 16.96;4,28;  10.91; 4,28; <0.001

<0.0001 <0.0001

2012
Control 16.78 = 4.12a 16.35 £ 4.11a 0.43 +0.27a 6.74 =+ 1.96a 8.32 £ 2.76a 25.10 = 5.97a
Dino—biennial 3.72 + 0.87ab 3.68 + 0.86b 0.04 = 0.03a 1.69 = 0.58ab 4.53 £2.15a 8.25 = 2.69ab
Dino—annual 1.27 + 0.71ab 0.91 = 0.42b 0.36 = 0.33a 0.16 = 0.09bc 5.50 +2.10a 6.77 = 2.74ab
Em Ben 0.64 = 0.35bc 0.62 = 0.33b 0.03 = 0.03a 0.38 = 0.26bc 2.04 = 1.35a 2.68 = 1.58bc
high—Dbiennial
Em Ben 0.04 = 0.04c 0.04 = 0.04b 0 = 0a 0.04 = 0.04c 0.89 = 0.63b 0.93 = 0.66¢
high—annual
Em Ben 0.57 = 0.51bc 0.57 = 0.51b 0=+0a 0.55 = 0.50abc 2.00 = 0.6%9a 2.57 = 0.98bc
low—Dbiennial
Em Ben low—annual 0.05 = 0.05¢ 0.05 = 0.05b 0+ 0a 0.05 = 0.05¢ 1.95 £ 0.78a 2.00 = 0.83¢
Imi—biennial 7.38 = 3.38ab 7.27 = 3.32ab 0.11 = 0.09a 2.55 = 1.32ab 6.00 = 4.50a 13.39 = 7.12ab
Imi—annual 4.82 +2.35ab 4.62 +2.22b 0.20 = 0.13a 0.68 = 0.29abc 6.00 = 1.82a 10.82 = 3.48ab
Fy df; P 12.39; 8,8, <0.0001  5.87;8,61;  2.10;8,22;0.08  8.11; 8,68; <0.0001 3.27; 8,61; 0.004 8.02; 8,61; <0.0001

<0.0001

2014
Control 35.88 £ 14.23a 34.19 = 13.84a 1.68 = 0.65a 6.93 = 2.75ab 36.51 £6.78a 72.39 = 11.42a
Dino—triennial 36.74 = 8.33a 36.11 = 8.27a 0.64 = 0.27ab 11.22 £ 4.13a 21.90 = 6.01a 58.65 = 10.92a
Dino—annual 1.02 = .034b 0.4 +0.18b 0.57 = 0.22ab 0.11 = 0.07d 5.86 = 3.68ab 6.89 = 3.82bc
Em Ben 0=+0d 0=0d 0=+0d 0 = Oe 1.31 + 0.85bc 1.31 = 0.85cd
high—triennial
Em Ben 0=+0d 0=+ 0d 0=+0d 0 = Oe 1.23 + 0.84bc 1.23 + 0.84cd
high—annual
Em Ben 0.11 = 0.09¢ 0.02 = 0.02¢ 0.09 = 0.09¢ 0 = Oe 0.45 = 0.29¢ 0.57 = 0.29d
low—triennial
Em Ben low—annual 0.10 = 0.07¢ 0=+0d 0.10 = 0.07bc 0 = 0e 0.35 = 0.27¢ 0.45 = 0.25d
Imi—triennial 13.25 £ 1.49a 12.22 + 1.36a 1.03 = 0.43a 1.17 = 0.52bc 8.44 + 2.87ab 21.69 = 3.95ab
Imi—annual 9.15 £ 2.41a 7.55 +2.34a 1.56 = 0.40a 1.05 = 0.56¢ 10.14 = 2.84a 19.29 = 4.03ab
F; df; P 105.7; 8,53; 122.8; 8,54; 34.05; 8,53; 112.18; 8,53; <0.0001 12.71; 8,52; 16.94; 8,52;

<0.0001 <0.0001 <0.0001 <0.0001 <0.0001

Means within the same year and column followed by different letters are significantly different; Tukey HSD test, P < 0.05.

four of the 16 trees treated with the low rate (either annually or bien-
nially) had live larvae.

Between January and early April 2014, we felled and sampled
one tree treated annually and the tree treated triennially with each
insecticide product/rate, plus one control tree in each of the eight
blocks. Density of current-year emerald ash borer galleries was
significantly higher in untreated control trees, trees treated annu-
ally or triennially with imidacloprid, and trees treated triennially
with dinotefuran than in trees treated annually with dinotefuran
or annually or triennially with either dose of emamectin benzoate
(Fig. 4). No live larvae were recorded on the 16 trees treated annu-
ally or triennially with the high rate of emamectin benzoate, while
one of the 16 trees treated triennially with the low rate of emamec-
tin benzoate had a total of two live larvae (Table 4). Three trees

treated annually with dinotefuran had live larvae but the density
was very low, averaging <1.0 current-year gallery per m? (Table 4).
In comparison, densities of current-year galleries on untreated
controls and the trees treated with dinotefuran triennially (2008,
2011) varied, but averaged over 35 galleries per m? (Fig. 4). Average
densities of current-year larvae on trees treated with imidacloprid,
either annually or triennially, did not differ statistically from those
on control trees (Table 4). Although average densities of emerald
ash borer galleries on all the imidacloprid trees were consistently
lower than on controls in 2014 (Table 4; Fig. 4), variation among
trees was substantial. For example, total and current-year larval
densities on trees treated annually with imidacloprid ranged from
1.5 to 81.0 and from 0 to 43.7 galleries per m?, respectively. Live
larvae were present on five of the eight control trees, all eight trees
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Fig. 2. Mean (+SE) density of current-year emerald ash borer larvae in
trees treated with systemic insecticides in mid-June 2008 then felled and
dissected between January and March 2009. Insecticide treatments included
dinotefuran (Dino; Safari basal trunk spray), emamectin benzoate (EB; TREE-
age trunk injection) at a high or low dose, or imidacloprid (Imi; Imicide
Mauget microinjection capsules). Bars topped with the same letters are not
significantly different, Tukey HSD test, P < 0.05. (N =8.)
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Fig. 3. Mean (+SE) density of current-year emerald ash borer larvae in trees
treated with systemic insecticides annually or biennially (every 2 yr) in mid-
June from 2008 to 2011 then felled and dissected between January and
March 2012. Insecticide treatments included dinotefuran (Dino; Safari basal
trunk spray), emamectin benzoate (EB; TREE&ge trunk injection) at a high
or low dose, or imidacloprid (Imi; Imicide Mauget microinjection capsules).
Bars topped with the same letters are not significantly different (Tukey HSD
test, P<0.05). (N=38.)

treated triennially with dinotefuran, and all 16 trees treated with
imidacloprid, either annually or triennially.

Overall, density of live larvae was similar to density of current-
year emerald ash borer galleries, which included larvae killed by
natural enemies (Table 4). Differences in densities of live larvae
among treatments were similar to those for densities of current-
year emerald ash borer galleries (Table 4). Larval cadavers were
rare and the density of dead larvae was extremely low overall. No
dead larvae were found in trees with extremely low emerald ash
borer attack densities (i.e., trees treated with emamectin benzo-
ate or annually with dinotefuran) and only a few were present
in trees with higher emerald ash borer attack densities (Table 4).
Larval cadavers were typically desiccated and cause of death was
uncertain.
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Fig. 4. Mean (+SE) density of current-year emerald ash borer larvae in trees
treated with systemic insecticides annually or triennially (every 3 yr) in mid-
June from 2008 to 2013 then felled and dissected in winter 2013-2014. Trees
were treated with dinotefuran (Dino; Safari basal trunk spray), emamectin
benzoate (EB; TREE-&ge trunk injection) at a high or low dose, or imidacloprid
(Imi; Imicide Mauget microinjection capsules). Bars topped with the same
letters are not significantly different (Tukey HSD test, P< 0.05). (N =8.)

There was little difference in density of old galleries among treat-
ments in either 2009 or 2012, when most old galleries would have
originated from attacks prior to insecticide treatments. In 2014, we
encountered old galleries that had originated during years follow-
ing initiation of the insecticide treatments (i.e., between 2008 and
2013) and there were significant differences in density of old galleries
among treatments. In 2014, density of old galleries was significantly
higher on untreated control trees than on trees treated annually
or triennially with either dose of emamectin benzoate, while trees
treated annually or triennially with dinotefuran or imidacloprid had
intermediate densities of old galleries (Table 4). For total gallery
density, which included all current-year and old galleries, differences
among treatments were similar to differences for current-year gallery
densities (Table 4).

Woodpecker predation of late instar emerald ash borer larvae
was common and in some trees, killed more than half of the emer-
ald ash borer that would otherwise have emerged as adults. Even in
the pretreatment survey in 2007/8 when emerald ash borer densities
were extremely low, woodpecker predation was observed on 37.5%
of the sampled trees and woodpeckers killed more than 60% of the
current-year larvae. Over the 6-yr period of the study, woodpecker
predation was recorded on 70 of the 111 trees that had relatively
low current-year emerald ash borer densities, ranging from 0.3 to
10.0 galleries per m*. Of those 70 trees, woodpeckers killed at least
20% of the larvae on 60 trees and 50-100% of the larvae on 35
of the trees. In 2010, 2011, and 2013, when we sampled only con-
trol trees, woodpeckers predated larvae on 75-100% of the trees,
whereas when we sampled control and insecticide-treated trees in
2009, 2012, and 2014, woodpecker predation was recorded on
27-37% of trees. Woodpecker holes in the outer bark were consist-
ently associated with removal of the corresponding fourth instar or
prepupal larva below the hole. Overall, for all years and treatments
combined, density of current-year emerald ash borer galleries sig-
nificantly predicted density of woodpecker attacks (y = 0.4491x -
0.1596; R, = 0.7472; P < 0.0001) (Fig. 5).

In contrast, larval parasitism was rare. We found no evidence
of parasitized larvae until 2012 when a few larvae parasitized by
Atanycolus spp. were recovered from three trees. Density of lar-
vae parasitized by Atanycolus spp. averaged 0.3 = 0.02 per m? in a

610 UdJBIN 90 UO Jasn Binquasiuelg ainr AQ 029901S/102/L/Z | LAoBISqe-9[oie/00]/Ww0d"dNoo1Wapeo.)/:sd)ly Woly papeojumod



208 Journal of Economic Entomology, 2019, Vol. 112, No. 1
70 et al. 2011). In addition to documenting changes in emerald ash
. borer density over time, our data provide a long-term evaluation of
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Fig. 5. Relationship between densities of woodpecker attacks and current-
year emerald ash borer larval galleries per m? recorded from 2008 through
early 2014 in untreated control trees and trees treated with systemic
insecticides. (N = 315 trees.)

control tree, which had 103.1 current-year emerald ash borer larvae
per m?. Densities of larvae parasitized by Atanycolus spp. in two trees
treated biennially with imidacloprid were 2.8 and 0.1 larvae per m?,
while current-year emerald ash borer densities in these trees were
43.7 and 7.8 larvae per m?, respectively. No parasitism was observed
in any other control or treated tree in 2012. In 2014, parasitism
was slightly more common, but 11 of the 12 trees with Atanycolus
spp. parasitism were heavily attacked by emerald ash borer. On
average, current-year emerald ash borer gallery density averaged
78.6 = 18.61, while density of larvae parasitized by Atanycolus
spp. averaged 0.8 = 0.24 per m? in three untreated control trees,
0.6 = 0.24 in five trees treated triennially and one tree treated annu-
ally with dinotefuran, and 0.6 = 0.35 in three trees treated triennially
or annually with imidacloprid. No parasitized larvae were found in
any trees treated with either dose of emamectin benzoate. In one tree
treated triennially with dinotefuran, a few larvae were parasitized
by T. planipennisi, but the density was extremely low, averaging
0.02 = 0.02 parasitized larvae per m”.

Ash Condition in 2015

In total 208 standing ash trees (>10 cm DBH) were tallied in the
variable radius plots surveyed in August 2015. Only 32 of the ash
trees were alive and 15-60% of the canopy on 11 of those trees was
dead. Nearly all the dead ash trees remained standing in 2015; few
trees had fallen or broken off near the base.

Discussion

Ongoing expansion of the geographic range of emerald ash borer
threatens an ever increasing number of ash trees in urban, rural, and
forested settings in North America, compelling arborists, foresters,
and property owners within infested areas to determine how ash
on their land will be managed. Systemic insecticides provide options
for protecting ash trees in landscapes and, on a larger scale, for
slowing emerald ash borer population growth across a given area
(McCullough et al. 2011, 2015; Herms et al. 2014; Mercader et al.
2015; Sadof et al. 2017; Bick et al. 2018). Results from our study
encompassed a 6-yr period when the emerald ash borer population
increased from nearly undetectable levels to densities associated with
widespread ash mortality (McCullough and Siegert 2007, Mercader

cide products, and quantify effects of woodpeckers and other natural
enemies of emerald ash borer.

Our 2007/2008 pretreatment sampling began soon after emerald
ash borer invaded the project area; less than 10% of the 96 trees
had a single emerald ash borer exit hole and less than 50% of those
trees had any larval galleries. Although total and current-year larval
densities on all trees remained extremely low in 2009, differences
among insecticide treatments and between treated and control trees
were beginning to emerge. In 2009, live larvae were recorded on
seven of the eight controls and the eight imidacloprid-treated trees,
while 15 of the 16 emamectin benzoate trees (low and high rates)
and six of the eight dinotefuran trees had no live larvae. In a previ-
ous study, external signs of emerald ash borer infestation, including
canopy decline and bark cracks over larval galleries, corresponded to
densities of 25-30 larval galleries per m? in green ash and white ash
landscape trees (Anulewicz et al. 2007). By 2012, average cumulative
(total) gallery densities on control trees in our study were approach-
ing these levels.

By 2014, the local emerald ash borer population was at or near
peak density. Previous research showed an average of 89 emerald ash
borer adults could potentially develop per m? of ash phloem area and
individual emerald ash borer larvae required approximately 10 cm?
of phloem to complete development (McCullough and Siegert 2007,
Mercader et al. 2011). In 2014, total larval galleries on untreated
control trees averaged 72 = 11.4 per m?, slightly lower than den-
sities typically associated with ash mortality (McCullough and
Siegert 2007). All the control trees we felled and sampled in spring
2014, however, were still alive and could have provided phloem for
development of at least some additional larvae in 2014 and per-
haps subsequent years. Additionally, many trees in our study were
more than 25 m tall. We observed that larval galleries sometimes
girdled the trunk of these trees >3 m aboveground, killing the tree
before phloem in the lower, thick-barked portion of the trunk was
fully colonized, which reduced the overall larval density estimates.
Divergence between average densities of current-year galleries,
which decreased from 2012 to 2014, and total larval galleries, which
increased every year, however, represents the diminishing availability
of live phloem in the control trees. When we re-inventoried ash in
the project area in 2015, most overstory ash trees had been killed by
emerald ash borer and many of the live trees had declining canopies.

The scale, sampling intensity and duration of our study demon-
strate substantial differences in the level and persistence of emerald
ash borer control between the emamectin benzoate insecticide and
the two neonicotinoid compounds. Given the extremely low emerald
ash borer densities at the outset of our project, virtually all trees were
presumably able to translocate insecticides to the canopy for at least
the first 3—4 yr of the study. Extending the study over the 6-yr time
frame enabled us to assess insecticide efficacy as the emerald ash
borer population approached peak densities and trees experienced
very high levels of emerald ash borer pressure (Knight et al. 2013,
Burr and McCullough 2014, Sadof et al. 2017).

Very few emerald ash borer galleries were present on any of
the trees treated with emamectin benzoate in any year, regardless
of whether the trees were injected annually, biennially, or trienni-
ally with either the low or the high rate of insecticide. Of the 32
emamectin benzoate trees sampled in 2014, 13 trees (41%) had no
larval galleries, 16 trees (50%) had 0.1-3.0 total galleries per m? and
three trees (9%) had 3.2-6.8 galleries per m?, still well below densi-
ties likely to affect tree health. In previous studies, foliar residues
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of emamectin benzoate (also applied as trunk-injected-TREE-age),
declined exponentially from the first to the second year (McCullough
et al. 2011, Lewis and Turcotte 2015). Nevertheless, biennial trunk
injections of emamectin benzoate provided nearly complete emer-
ald ash borer control and protected ash canopies for at least 2 yr
in numerous studies (Smitley et al. 2010, McCullough et al. 2011,
Flower et al. 20135, Bick et al. 2018). Evidence from bioassays with
emerald ash borer adults and diet studies with emerald ash borer
larvae have indicated relatively low levels of emamectin benzoate are
notably toxic to this species (McCullough et al. 2011, Poland et al.
2015). While emerald ash borer adults can be killed by feeding on
foliage of treated trees (McCullough et al. 2011, Herms et al. 2014),
mechanisms by which emerald ash borer larvae encounter emamec-
tin benzoate, or other systemic insecticides, are not as clear. Trunk-
injected systemic insecticides are translocated to the canopy in xylem
tissue (Mota-Sanchez et al. 2009, Tanis et al. 2012), whereas emer-
ald ash borer larvae feed on phloem and cambium. After debarking
hundreds of infested trees in this and other studies, we have noted
that early stage emerald ash borer larvae frequently fed through the
phloem and into the cambium region, then began excavating a char-
acteristic serpentine gallery that scored the outer xylem as well as the
phloem. Given that ash are ring porous trees, even young larvae may
encounter lethal doses of insecticide in the outer xylem. Additionally,
insecticide may move from xylem into phloem through horizontal
ray parenchyma cells (Pfautsch et al. 2015).

The consistently high level of emerald ash borer control observed
in this and other multi-year studies indicate the interval between
emamectin benzoate injections can be extended to at least 3 yr.
Ash trees are highly sectorial, effectively compartmentalize xylem
wounds (Santamour 1986), and with the exception of small trees
(e.g., <10 cm DBH), are unlikely to be seriously injured by a low
density of emerald ash borer larvae (Anulewicz et al. 2007, Mercader
et al. 2011). Moreover, our data indicate the lowest application rate
on the product label (2.5 ml TREE-dge per 2.54 cm DBH) was as
effective as the higher rate we tested (5.0 ml per 2.54 cm DBH).
Reducing the insecticide application rate and extending the inter-
val between treatments from 2 to 3 yr would yield substantial cost
savings. Additionally, in a recent study, stumps and the basal por-
tion of the trunk on trees treated annually, biennially, or triennially
with emamectin benzoate applied with either the ArborJet QuikJet
or Tree IV macroinjection systems were examined to assess injury,
decay, or other problems (Tanis and McCullough 2016). Despite an
abundance of injection sites, particularly on trees treated annually
with the QuikJet, injury associated with the injections was minimal.
Nevertheless, decreasing the frequency of treatments would reduce
the number of injection sites and provide treated trees with add-
itional time to produce new xylem around and over previous injec-
tions (Tanis and McCullough 2016). Since our study was conducted,
additional emamectin benzoate products have become available.
Whether these products, which may differ in terms of formulation,
application rates, or methods, provide similar levels of emerald ash
borer control over time will require further study.

Annual applications of dinotefuran, applied as a basal trunk
spray, effectively protected trees from emerald ash borer—caused
injury, although the level of control was somewhat lower than that
recorded on the emamectin benzoate trees. Foliar residue data have
shown dinotefuran, which is highly water soluble, moves through
the outer bark and is readily translocated to foliage in the canopy
(McCullough et al. 2011, Faulkenberry et al. 2012, Nix et al. 2013).
In 2014, seven of the eight trees treated annually with dinotefuran
had less than 10 total galleries per m?, a level that should ade-
quately protect all but very small trees from significant emerald ash

borer—related injury. Current-year emerald ash borer larval density
was more than twice as high on dinotefuran trees treated biennially
compared with trees treated annually, although differences were not
significant. Applying dinotefuran at 3-yr intervals provided no emer-
ald ash borer control; current-year larval densities on trees treated
triennially were as high as those on control trees. Basal trunk sprays
are commonly applied with a backpack or garden sprayer and can
be a simple and fairly rapid method for treating trees in landscapes
or along roads. In our study, water for the basal trunk sprays had
to be carried approximately 1.5 km from the vehicle to the project
area, a laborious activity that limited efficiency of this application
method. In areas with trees that are readily accessible, this would
not be a problem.

Mean densities of current-year and total larval galleries on trees
treated with imidacloprid (applied via micro-injection with Mauget
capsules) were consistently lower than densities on untreated con-
trols, but differences were not significant in any year of sampling,
even when trees were injected annually. By 2014, total gallery densi-
ties averaged approximately 20 larvae per m? on annual and tri-
ennially treated imidacloprid trees. Whether continued injections,
even if applied annually, would have ultimately protected the trees
from emerald ash borer is difficult to determine. Because galleries
score the outer xylem, increasing larval densities can disrupt trans-
location of insecticides to the canopy and stress from larval feed-
ing can alter volatile profiles of infested trees, potentially increasing
their attraction to emerald ash borer adults, including ovipositing
females (Rodriguez-Saona et al. 2006; McCullough et al. 2009,
2016; Mercader et al. 2013). Injecting imidacloprid with the Mauget
capsules was relatively efficient, although some capsules had to
be re-pressurized during the day to ensure uptake. A related study
showed the low pressure, micro-injection system caused little injury,
even when trees were treated annually (Tanis and McCullough
2016). The low level of emerald ash borer control relative to annual
dinotefuran bark sprays and all emamectin benzoate treatments may
reflect the low dose of imidacloprid applied with the capsules. Other
studies have reported imidacloprid applied annually at higher rates
via macro-injection or as a soil drench can effectively protect trees
emerald ash borer-related canopy decline (Smitley et al. 20135, Bick
et al.2018).

Numerous simulations have compared economic costs of pro-
tecting landscape ash trees with a highly effective systemic insecti-
cide, typically emamectin benzoate applied in alternate years via
trunk injection, versus removing the same trees, either proactively or
as trees decline and die. Results consistently show total and annual-
ized costs of systemic insecticide treatments in alternate years are
substantially lower than costs of tree removal, plus annual labor
needs are stabilized (Kovacs et al. 2011, 2014; McCullough and
Mercader 2012; McKenney et al. 2012; Vannatta et al. 2012; Hauer
and Peterson 2017). Value of ecological services, such as stormwa-
ter uptake, pollutant capture, shade, and aesthetics (Vannatta et al.
2012, Wolf et al. 2015), and social or cultural benefits provided by
mature ash (Poland and McCullough 2006, Donovan et al. 2013,
McCullough 2013, Nowak et al. 2016, Donovan 2017, Jones 2017)
were not quantified in these simulations, but would further increase
the benefit:cost ratio of protecting trees. Extending the period
between insecticide applications would reduce annualized treatment
costs even further.

Whether our sampling and insecticide treatments had an effect
on emerald ash borer population growth in the project area is dif-
ficult to ascertain. Results from simulations showed effects of ema-
mectin benzoate on emerald ash borer population growth were
more pronounced when treated trees were distributed systematically
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across a project area than when insecticide treatment was focused on
only large trees or trees within a specific area (Mercader et al. 2011,
2015; McCullough and Mercader 2012; McCullough et al. 2015). In
our study, blocks of trees, including those assigned to highly effect-
ive insecticide treatments, were distributed across the project area,
presumably increasing the likelihood that emerald ash borer adults
would encounter toxic foliage. Additionally, over the 6-yr period, we
felled and debarked more than 300 trees, which represented approxi-
mately 2.5% of the ash stems tallied in our pretreatment inventory.
Larvae developing in the sampled trees would have been killed,
plus the felled trees were eliminated as potential emerald ash borer
hosts in subsequent years. Moreover, while trees assigned to trien-
nial imidacloprid or dinotefuran treatments probably became suit-
able emerald ash borer hosts 1-2 yr post-treatment, 32 trees injected
with either low or high rates of emamectin benzoate were toxic for
the entire 6-yr study. Adult emerald ash borer females that emerged
from other trees and fed on foliage of an emamectin benzoate tree
or other trees with lethal insecticide levels in the leaves (e.g., trees
annually treated with dinotefuran) would have been killed. Reduced
emerald ash borer population growth resulting from the tree felling
and insecticide treatments, however, was likely offset by immigrating
beetles from adjacent forest land, especially near the end of our study
when most ash in adjacent forests had been killed. Results from our
20135 assessment using variable radius plots indicated that more than
90% of the original ash phloem in the study area was dead.

Woodpecker predation was by far the most important natural
mortality factor affecting the emerald ash borer population across
our project area, accounting for nearly all larval mortality we
observed over the 6-yr period. Consistent with other reports, wood-
peckers preyed on fourth instars or prepupae (Lindell et al. 2007,
Tluczek 2009, Duan et al. 2014, Flower et al. 2014) and there was a
strong positive relationship between densities of current-year emer-
ald ash borer larvae and woodpecker attacks (Fig. 5), a pattern also
noted in previous studies (Jennings et al. 2013, Flower et al. 2014).
Some authors have speculated that prevalence of woodpecker pre-
dation increases with the age of the emerald ash borer infestation
because dead trees with cavities for woodpecker nesting sites are
more abundant (Lindell et al. 2007, Jennings et al. 2013, MacQuarrie
and Scharback 2015). However, we observed woodpecker predation
at the very onset of the invasion when the emerald ash borer popu-
lation was newly established and at an extremely low density. Given
the extensive forest where our study occurred, availability of cavities
for nesting was probably not a limiting factor for the woodpeckers.
While woodpeckers can use acoustic signals (vibration) to identify
subcortical prey, much of their foraging behavior is not well under-
stood. Flowers et al. (2014) noted average woodpecker predation
rates in trees with declining canopies were twice as high as those
in trees with healthy canopies and suggested woodpeckers selected
ash trees for foraging based on their visual observations of canopy
condition. This seems improbable, however, given that woodpecker
predation mainly occurs between late fall and spring (Jennings et al.
2016, Tluczek 2009), when large, late stage larvae and prepupae are
most likely to be available, but visual cues of canopy condition, e.g.,
foliage, are largely absent. Recent evidence indicated birds that prey
on Lepidopteran larvae use host volatiles induced by severe defoli-
ation to locate their prey (Amo et al. 2013), but whether volatiles of
ash trees stressed by emerald ash borer larval feeding can similarly
attract woodpeckers has not been confirmed.

While woodpecker predation was common and sometimes
accounted for a high proportion of emerald ash borer larvae on
individual trees, neither woodpeckers nor the combination of wood-
pecker predation and larval parasitoids prevented the emerald ash

borer population from building to densities that resulted in the mor-
tality of most overstory ash by the end of our 6-yr project. Extremely
low densities of native Atanycolus spp. parasitoids were observed
in 2012 and 2014 on a total of 15 trees, 13 of which were heavily
attacked by emerald ash borer and likely would have died within a
year. A few current-year emerald ash borer larvae on a single tree
sampled in 2014 were parasitized by T. planipennisi, indicating this
introduced species had become established and dispersed following
the 2009 release of 1,755 adult T. planipennisi, roughly 800 m away.

Whether natural enemies will adequately protect ash regener-
ation once the emerald ash borer invasion wave has peaked and
emerald ash borer population densities have dropped remains to
be seen. McCullough et al. (2015) noted that systemic insecticides
should not interfere with woodpecker predation nor parasitism
because woodpeckers and larval parasitoids attack only live larvae
and neither egg nor larval parasitoids will encounter systemic insec-
ticides. Combining highly effective systemic insecticide treatments
with biological control may actually enhance the efficacy of natural
enemies by reducing overall emerald ash borer densities and focus-
ing woodpeckers and parasitoids on untreated infested trees. Long-
term studies to evaluate post-invasion ash dynamics in areas where
integrated emerald ash borer management strategies are employed
would be valuable.
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